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ABSTRACT 
!
BACKGROUND:!Injury!rates!among!triathletes!have!been!reported!to!be!as!high!as!87%.!Previous!
research!has!established!that!some!triathletes!display!altered!kinematics!during!running!after!
cycling,!compared!to!an!isolated!run.!These!kinematic!changes!include!increased!anterior!pelvic!
tilt,!decreased!hip!extension,!and!increased!variability!in!stride!length!and!time.!The!purpose!of!
this!study!was!to!determine!whether!a!hip!flexor!stretch!performed!in!the!brief!transition!
period!between!cycling!and!running!would!result!in!a!postccycling!(transition)!run!more!similar!
to!a!control!run.!
METHODS:!Twelve!participants!performed!a!5cminute!baseline!run,!a!15cminute!transition!run!
with!no!intervention,!and!a!15cminute!transition!run!with!a!bilateral!hip!flexor!stretch!between!
the!cycling!and!running!periods.!Kinematic!data!were!collected!with!a!Vicon!motion!capture!
system.!Segment!angles,!joint!angles!and!stride!lengths!were!calculated!at!a!single!time!point!in!
the!baseline!run!and!at!3!time!points!in!each!of!the!transition!runs.!!
RESULTS:!Peak!forward!trunk!lean,!peak!anterior!pelvic!tilt,!peak!hip!extension,!and!peak!hip!
flexion!were!significantly!dependent!upon!run!condition.!Trunk!lean!and!pelvic!tilt!significantly!
increased!at!all!time!points!in!both!the!nocstretch!and!stretch!transition!runs!compared!to!
baseline.!Hip!extension!increased!in!the!first!minute!of!the!stretch!transition!run,!while!hip!
flexion!decreased!in!the!first!minute!of!the!nocstretch!transition!run!and!in!the!1!and!5cminute!
time!points!in!the!stretch!transition!run!compared!to!baseline.!Forward!trunk!lean!and!anterior!
vii!
!
pelvic!tilt!were!lower!in!the!stretch!transition!run!before!the!10cminute!time!point!compared!to!
the!nocstretch!transition!run,!though!these!differences!were!not!significant.!
CONCLUSION:3An!intervening!hip!flexor!stretch!provided!only!a!modest!and!noncsignificant!
improvement!in!anterior!pelvic!tilt!and!forward!trunk!lean!in!the!early!stages!of!postccycling!
running.!The!sustained!increases!in!anterior!pelvic!tilt!and!trunk!lean!suggest!that!hip!flexor!
tightness!is!not!the!only!factor!driving!kinematic!changes!during!transition!running.!Further!
investigation!is!needed!to!determine!the!mechanisms!of!cycling’s!effects!on!running!
biomechanics.!
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CHAPTER 1. 
INTRODUCTION 
"
The"triathlon"is"a"single"event"comprised"of"three"individual"sports"completed"in"
immediate"succession"(swimming,"cycling,"and"running)."A"standard"(Olympic)"distance"triathlon"
comprises"1500m"of"swimming,"40km"of"cycling,"and"10km"of"running."Since"performance"in"
the"cycling"and"running"stages"is"more"correlated"with"an"athlete’s"finishing"place"than"
performance"in"the"swimming"stage"(Millet"and"Vleck,"2000),"the"cycle"to"run"transition"is"of"
particular"interest"to"competitors"and"coaches."Injury"rates"among"triathletes"are"alarmingly"
high,"and"the"majority"of"injuries"are"overuse"in"nature."In"a"survey"of"subjects"training"for"an"
ironJdistance"triathlon,"87%"of"subjects"reported"an"overuse"injury"of"some"kind,"with"more"
than"50%"reporting"substantial"problems"(Andersen"et"al.,"2013)."Since"most"triathlon"injuries"
are"linked"to"running"(Gosling"et"al.,"2008),"efforts"to"prevent"injuries"in"the"sport"are"best"
focused"on"this"component."
Many"triathletes"report"feeling"uncoordinated"when"they"begin"running"immediately"
after"cycling,"and"this"is"particularly"true"in"novice"triathletes"(Millet"and"Vleck,"2000)."A"
common"strategy"to"habituate"a"triathlete"to"the"cycleJrun"transition"is"to"incorporate"backJtoJ
back"bouts"of"cycling"and"running"known"as"“brick”"workouts"into"their"training"sessions"
(Fitzgerald,"2015)."However,"there"is"no"consensus"on"the"necessity"of"such"training"for"
improving"triathlon"performance"or"preventing"injuries."While"many"coaches"advocate"for"brick"
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workouts"of"various"lengths"and"intensities,"27"out"of"30"triathletes"in"the"1996"Great"Britain"
national"elite"squad"did"not"include"cycleJrun"sessions"(Millet"and"Vleck,"2000)."Especially"for"
athletes"running"a"substantial"amount"of"mileage"after"cycling"as"part"of"brick"workouts,"altered"
mechanics"off"the"bike"could"be"a"source"of"increased"injury"risk."
Running"is"a"more"loadJbearing,"eccentric"action"with"a"larger"range"of"motion"
compared"to"cycling"(Connick"and"Li,"2015),"which"may"explain"the"incoordination"when"
switched"rapidly"from"one"activity"to"the"other."Many"studies"have"proposed"a"neural"basis"to"
the"postJcycling"changes."Athletes"may"be"maintaining"the"neural"firing"rates"used"during"
cycling"at"the"beginning"of"their"run,"and"this"effect"is"termed"perseveration"(Gottschall"and"
Palmer,"2000;"Connick"and"Li,"2015)."Electromyography"studies"have"shown"altered"muscle"
recruitment"patterns"in"a"postJcycling"run"compared"to"an"isolated"run,"specifically"in"the"tibialis"
anterior"(Chapman"et"al.,"2008)."On"the"other"hand,"it’s"possible"that"the"aerodynamic"position"
assumed"during"cycling,"with"the"trunk"flexed"over"the"handlebars,"could"result"in"tightness"of"
flexor"muscles"of"the"hip"and"pelvis"and"ultimately"altered"kinematics"(Rendos"et"al.,"2013)."
Kinematic"studies"have"confirmed"that"a"transition"run"after"a"cycling"session"can"have"
significant"biomechanical"differences"from"a"baseline"run."Several"studies"of"experienced"
triathletes"have"noted"an"increase"in"stride"frequency"and"decrease"in"step"length"early"in"a"
transition"run"compared"to"a"baseline"run"(Connick"and"Li,"2015;"Gottschall"and"Palmer,"2000;"
Bernard"et"al.,"2003)."Rendos"et"al."(2013)"found"increased"peak"hip"flexion,"increased"anterior"
pelvic"tilt,"and"decreased"hip"extension"that"persisted"throughout"the"15Jminute"transition"run."
However,"other"studies"have"failed"to"find"significant"group"trends"in"kinematic"changes"and"
have"instead"reported"changes"that"occur"on"the"individual"level"(Bonacci"et"al.,"2010a,"b)."
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Increased"anterior"pelvic"tilt"would"be"of"concern"since"it"is"associated"with"an"increased"risk"of"
injury"to"the"hips,"pelvis"and"lower"back"(Schache"et"al.,"2000)."
As"anterior"pelvic"tilt"is"a"possible"underlying"cause"of"biomechanical"alterations"postJ
cycling,"a"stretch"to"counteract"this"tilt"may"result"in"running"mechanics"that"are"more"similar"to"
those"in"an"isolated"run"and"present"a"reduced"risk"of"injury."The"purpose"of"this"study"was"to"
determine"whether"a"brief"hip"flexor"stretching"intervention"prevents"altered"kinematics"when"
athletes"transition"from"cycling"to"running."Consistent"with"previous"studies,"we"hypothesized"
that"when"the"hip"flexors"are"not"stretched"after"cycling,"peak"anterior"pelvic"tilt"and"hip"flexion"
angles"are"significantly"increased"during"the"transition"run"as"compared"to"a"baseline"run."We"
also"hypothesized"that"when"using"a"hip"flexor"stretch"intervention"after"cycling,"peak"anterior"
pelvic"tilt"and"hip"flexion"angles"are"unchanged"during"the"transition"run"as"compared"to"a"
baseline"run."
"
" "
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CHAPTER 2. 
REVIEW OF THE LITERATURE 
"
Triathlon*Training*
The"triathlon"is"a"single"race"composed"of"three"separate"activities"completed"in"
succession:"swimming,"cycling,"and"running."A"standard"(Olympic)"distance"triathlon"comprises"
1500m"of"swimming,"40km"of"cycling,"and"10km"of"running."The"sprint"distance"triathlon"is"half"
the"length"of"a"standard"at"each"stage"(750m"swim,"20km"bike,"5km"run)."The"ultradistance"
triathlon,"also"known"as"an"Ironman"or"ironJdistance,"is"a"3.8km"swim"followed"by"a"180km"
bike,"ending"with"a"42.2km"run"(Andersen"et"al.,"2013)."
Since"most"of"the"time"in"an"elite"Olympic"distance"triathlon"competition"is"spent"cycling"
and"running"(54%"and"28%"respectively)"compared"to"swimming"(16%),"the"bulk"of"time"spent"
training"is"devoted"to"cycling"and"running"(Millet"and"Vleck,"2000)."In"a"survey"of"subjects"
training"for"an"ironJdistance"triathlon,"cycling"and"running"training"took"up"48%"and"24%"of"
total"training"hours,"respectively,"with"12%"of"training"time"spent"swimming"and"16%"on"other"
cross"training"activities"(Andersen"et"al.,"2013)."
Success"in"the"triathlon"depends"on"more"than"proficiency"in"simply"swimming,"cycling,"
and"running."The"challenge"lies"in"cycling"well"even"after"an"intense"swimming"effort,"and"
running"well"even"after"an"intense"swimming"effort"followed"by"an"intense"cycling"effort."Being"
able"to"quickly"adapt"to"the"next"stage"is"therefore"essential"for"a"triathlete."In"general,"the"
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cycle"to"run"transition"is"considered"more"important"than"the"swim"to"cycle"transition,"since"
cycling"and"running"are"predominantly"lower"body"movements"where"swimming"is"a"full"body"
motion"(Millet"and"Vleck,"2000)."Furthermore,"the"running"stage"is"often"considered"the"most"
crucial"to"overall"performance"in"draftJlegal"triathlons,"since"athletes"ride"in"clusters"during"the"
cycling"stage"(Hue"et"al.,"1998).""
Though"more"similar"to"each"other"than"they"are"to"swimming,"cycling"and"running"are"
different"enough"movements"that"performing"them"in"succession"often"causes"a"feeling"of"
incoordination,"particularly"among"novice"triathletes"(Millet"and"Vleck,"2000)."Because"of"the"
unique"challenges"in"quickly"transitioning"from"cycling"to"running,"a"substantial"body"of"
research"has"been"devoted"to"the"physiological"and"biomechanical"effects"of"running"postJ
cycling"as"compared"to"an"isolated"run."
Typically,"the"transition"between"the"cycling"and"running"stages"takes"just"under"a"
minute,"as"the"athletes"must"dismount,"rack"their"bikes,"take"off"their"helmets"and"change"into"
running"shoes."As"all"of"this"is"difficult"to"achieve"quickly"in"a"crowded"transition"area,"one"
strategy"is"to"speed"up"at"the"end"of"the"cycling"stage"to"avoid"getting"trapped"behind"a"collision"
or"traffic"jam."However,"not"much"is"known"about"the"effects"of"such"a"strategy"on"subsequent"
running"performance"(Millet"and"Vleck,"2000)."
As"successful"transitions"between"stages"are"essential"to"triathlon"performance,"many"
athletes"incorporate"backJtoJback"bouts"of"cycling"and"running"in"their"training."These"
combined"sessions"are"known"as"“brick”"workouts."Some"elite"triathletes"insist"that"brick"
workouts"are"not"necessary"for"success"in"the"sport"J"27"out"of"30"members"of"the"1996"Great"
Britain"national"elite"team"said"they"did"not"include"backJtoJback"cycleJrun"sessions"in"their"
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training"(Andersen"et"al.,"2013)."However,"a"common"line"of"thinking"is"that"some"form"of"cycleJ
run"training,"whether"in"the"form"of"brick"workouts"or"simply"with"short"recovery"runs"after"
cycling"sessions,"is"a"beneficial"practice"for"the"triathlon"transition"(Fitzgerald,"2015)."
Injuries*in*Triathletes*
The"triathlon"has"an"alarmingly"high"incidence"of"injury,"the"majority"of"which"are"
overuse"injuries."In"a"survey"of"subjects"training"for"an"ironJdistance"triathlon,"87%"of"subjects"
reported"an"overuse"injury"of"some"kind,"with"more"than"50%"reporting"substantial"problems."
Over"the"span"of"26"weeks"in"174"subjects,"there"were"106"reported"cases"of"overuse"injury"to"
the"knee,"106"to"the"lower"leg,"88"to"the"thigh,"84"to"the"lower"back,"and"88"to"the"shoulder."At"
least"50%"of"the"subjects"were"dealing"with"some"type"of"overuse"injury"at"any"given"time"
during"the"study."Compared"to"overuse"injuries,"acute"injuries"were"infrequent"and"often"due"to"
bike"accidents."However,"it"is"important"to"note"that"many"of"the"subjects"(40%"of"females,"36%"
of"males)"were"training"for"their"first"ironJdistance"triathlon,"and"only"16"of"the"174"subjects"
were"classified"as"elite"(Andersen"et"al.,"2013)."These"injury"data"may"not"be"indicative"of"injury"
incidence"among"elite"triathletes"or"among"Olympic"distance"triathletes,"but"the"high"injury"
rates"observed"in"this"subject"population"suggest"that"triathlon"training"is"extremely"
demanding,"and"injuries"may"be"prohibitive"for"those"new"to"the"sport."
Rates"of"injury"among"triathletes"are"often"reported"as"higher"than"rates"among"those"
who"participate"in"only"swimming,"cycling,"or"running,"but"it"is"unclear"why"this"discrepancy"
exists"(Gosling"et"al.,"2008)."The"majority"of"triathlon"injuries"are"linked"to"running"(Gosling"et"
al.,"2008),"suggesting"that"efforts"to"prevent"injuries"in"the"sport"should"focus"on"the"running"
training."Especially"if"athletes"are"running"a"substantial"amount"of"their"mileage"as"part"of"brick"
7"
"
workouts,"their"altered"biomechanics"off"the"bike"could"be"increasing"their"risk"of"injury."As"
studies"tend"to"exclude"those"with"a"recent"history"of"musculoskeletal"injuries,"there"is"a"
significant"gap"in"the"literature"of"how"the"cycleJrun"transition"may"contribute"to"injuries."
When"compared"to"an"isolated"run,"a"run"performed"immediately"after"cycling"
(transition"run)"can"have"significant"differences"in"joint"kinematics"(Rendos"et"al.,"2013;"Bonacci"
et"al.,"2010b;"Bonacci"et"al.,"2010a),"stride"length"and"frequency"(Connick"and"Li,"2015;"
Gottschall"and"Palmer,"2000;"Bernard"et"al.,"2003;"Garside"and"Doran,"2000),"muscle"
recruitment"(Chapman"et"al.,"2008a)"and"running"economy"(Bonacci"et"al.,"2010b),"even"
without"any"change"in"speed."All"of"these"can"cause"a"feeling"of"incoordination,"but"more"
seriously,"can"alter"tissue"loading"patterns"(Bonacci"et"al.,"2010a;"Chapman"et"al.,"2009)."The"
significant"increase"in"anterior"pelvic"tilt"during"running"postJcycling"observed"by"Rendos"et"al."
(2013)"has"been"associated"with"an"increased"risk"of"injury"to"the"hips,"pelvis"and"lower"back"
(Schache"et"al.,"2000).""
Chapman"et"al."(2008a)"showed"reduced"tibialis"anterior"activity"during"stance"phase,"
without"any"kinematic"changes."As"the"tibialis"anterior"helps"control"ankle"joint"loading,"this"
reduction"in"activity"could"alter"the"forces"sustained"by"the"ankle,"and"may"lead"to"ankle"
injuries,"or"compensatory"actions"resulting"in"injuries"elsewhere"in"the"lower"legs"(Chapman"et"
al.,"2008a)."Supporting"this"hypothesis,"a"study"by"Christina"et"al."(2001)"analyzed"changes"in"
running"kinetics"and"kinematics"following"localized"fatiguing"exercise"to"the"dorsiflexor"muscles,"
including"the"tibialis"anterior."Though"there"was"no"change"in"the"magnitude"of"the"impact"peak"
force,"the"loading"rate"of"the"impact"peak"force"increased"from"69.9±23.7"to"90.0±38.5"body"
weight/s"postJfatigue."The"authors"speculated"that"localized"fatigue"prevented"the"muscles"
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from"contracting"as"much"as"they"normally"would"to"generate"a"preferred"joint"angle"at"impact,"
leading"to"decreased"dorsiflexion"at"heel"contact"(1.2±4.2°,"compared"to"4.4±3.8°"preJfatigue)."
Since"the"muscle"is"lengthened"at"impact,"it"is"worse"at"absorbing"energy"from"the"ground"
impact,"potentially"elevating"the"risk"of"injury"(Christina"et"al.,"2001).""
Studies*of*the*Cycle7Run*Transition*
Most"studies"of"the"cycleJrun"transition"followed"the"same"basic"outline."A"typical"test"
session"started"with"a"short"baseline"run."Most"studies"found"a"5J10"minute"baseline"run"to"be"
sufficient"to"establish"the"conditions"of"an"isolated"run"without"inducing"fatigue"in"the"subject."
After"the"baseline"run"and"a"recovery"period,"the"cycleJrun"trial"was"performed."The"cycling"
intervention"led"immediately"into"a"transition"run,"with"a"short"amount"of"time"allotted"for"
dismounting"from"the"bike"and"changing"shoes."While"this"was"the"only"test"session"in"some"
studies,"others"included"preliminary"testing"sessions"during"which"subjects"performed"maximal"
cycling"and"running"tests"so"that"the"speed"and"power"conditions"during"the"cycleJrun"test"were"
modified"for"the"subjects’"individual"abilities"(Connick"and"Li,"2015;"Bernard"et"al.,"2003;"Garside"
and"Doran,"2000;"Bonacci"et"al.,"2010b)."
A"complication"in"many"studies"of"transition"run"changes"in"kinematics"and"muscle"
activation"is"that"the"baseline"run"or"cycling"intervention"can"induce"fatigue"to"the"respiratory"
and"muscular"systems."Hue"et"al."(2008)"measured"a"higher"oxygen"cost"during"running"after"
cycling"(51.7±3.4ml"O2/kg/min)"compared"to"an"isolated"run"(48.3±3.9"ml"O2/kg/min)."The"
authors"attributed"the"decrease"in"running"economy"to"physiological"aspects"of"fatigue,"but"
suggested"that"other"biomechanical"changes"could"reduce"running"economy"as"well."The"effects"
of"pure"fatigue"may"obscure"the"real"effects"of"neuromotor"alterations"and"kinematic"changes"
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due"to"the"act"of"cycling"itself."Fatigue"certainly"plays"a"role"during"postJcycling"running"in"a"
triathlon"competition,"and"some"studies"have"utilized"cycling"interventions"of"high"duration"
and/or"intensity"to"simulate"a"competition"setting"(Connick"and"Li,"2015;"Bonacci"et"al.,"2010b)."
However,"since"fatigue"is"an"unavoidable"component"of"a"triathlon"competition,"a"more"
practical"approach"for"an"athlete"is"to"focus"on"the"neuromuscular"aspects"of"altered"running"
kinematics"postJcycling"(that"is"to"say,"the"aspects"he/she"might"be"able"to"correct"with"
training).""
A"study"led"by"Chapman"et"al."(2009)"developed"a"protocol"with"the"aim"of"measuring"
neuromuscular"changes"in"running"independent"of"fatigue"due"to"prior"running"or"cycling."This"
protocol"consisted"of"a"10Jminute"control"run,"60Jminute"recovery,"20Jminute"cycling"session,"
and"a"30Jminute"transition"run."An"isolated"run"performed"on"a"separate"test"day,"and"isometric"
testing"performed"before"and"after"the"control"run,"recovery,"cycling"sequence"validated"that"
neuromuscular"fatigue"was"not"induced."However,"as"this"protocol"was"validated"with"a"small"
subject"group"of"10"highJlevel"triathletes"(averaging"6.8"years"of"competition"experience),"the"
same"protocol"cannot"be"assumed"to"be"equally"valid"in"other"subject"populations."It"is"possible"
that"fatigue"effects"are"significant"after"20"minutes"of"moderate"cycling"in"less"experienced"
subjects"(Chapman"et"al.,"2009).""
Instead"of"a"baseline"run"before"the"cycleJrun"protocol,"some"studies"included"multiple"
cycleJrun"sessions,"and"compared"the"transition"runs"to"each"other"to"examine"the"effects"of"
cycling"cadence"or"bicycle"frame"geometry"on"the"cycleJrun"transition"(Bernard"et"al.,"2003;"
Garside"and"Doran,"2000)."Similarly,"one"study"compared"the"transition"run"after"30"minutes"of"
cycling"to"a"run"after"a"30"minute"run"at"the"same"heart"rate,"on"a"separate"test"day"(Gottschall"
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and"Palmer,"2000)."Though"more"demanding"on"the"subjects"than"a"single"session"baselineJ
cycleJtransition"protocol,"this"setup"enabled"the"authors"to"evaluate"running"kinematics"
without"the"confounding"effects"of"fatigue."
While"most"studies"follow"the"same"basic"outline,"they"vary"widely"in"the"parameters"of"
the"cycling"session."Some"studies"specifically"varied"the"cadence"and"resistance"during"the"
cycling"session,"with"the"intent"of"simulating"a"race"or"training"environment"(Bonacci"et"al.,"
2010b;"Bonacci"et"al.,"2010a;"Chapman"et"al.,"2008a)."Others"did"not"regulate"cadence,"and"
instead"relied"on"rating"of"perceived"exertion"(RPE)"or"a"particular"percentage"of"maximum"
oxygen"consumption"(VO2"max)"to"maintain"the"intensity"of"the"cycling"session"between"
subjects"(Rendos"et"al.,"2013;"Connick"and"Li,"2015;"Garside"and"Doran,"2000)."However,"
cadence"has"been"shown"to"have"an"effect"on"stride"length"and"running"economy"in"the"
subsequent"transition"run"(Bernard"et"al.,"2003)."
Another"important"parameter"of"the"cycling"session"is"the"position"subjects"cycled"in"
and"the"bicycle"geometry."Some"studies"had"subjects"use"their"own"bikes"secured"on"a"magnetic"
trainer,"which"provided"external"validity"as"it"most"closely"replicated"their"own"training"
practices"(Chapman"et"al.,"2009;"Gottschall"and"Palmer,"2000;"Chapman"et"al.,"2008a)."Only"one"
study"(Rendos"et"al.,"2013)"specifically"noted"the"position"subjects"were"placed"on"the"bike,"
which"may"be"an"important"factor"in"determining"kinematic"and"neuromuscular"changes"in"
running"off"the"bike."The"aerodynamic"position,"with"the"trunk"flexed"over"the"handlebars,"in"
this"study"may"have"caused"the"anterior"pelvic"tilt"and"changes"in"hip"range"of"motion"(ROM)"
observed"(Rendos"et"al.,"2013)."Similarly,"the"modified"bicycle"frame"geometries"in"a"study"by"
Garside"and"Doran"(2000)"resulted"in"a"higher"running"velocity"and"stride"frequency"at"the"
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beginning"of"a"transition"run."The"angle"from"the"seat"tube"relative"to"the"crank"axis"was"set"at"
either"73°"or"81°"for"a"40km"cycling"session."While"the"73°"seat"angle"is"standard"and"was"used"
by"all"the"subjects"in"their"own"training,"some"athletes"report"improved"performance"with"
steeper"frame"geometries"(Garside"and"Doran,"2000)."TriathlonJspecific"bikes"feature"a"steeper"
seat"tube"angle"than"road"bikes,"as"well"as"aero"bars."The"modified"cycling"position"on"a"
triathlon"bike"is"thought"to"improve"running"performance"postJcycling,"as"it"alters"muscle"
activation"patterns"and"moves"muscle"operating"lengths"closer"to"those"seen"during"running"
(Silder"et"al.,"2011)."
Kinematic*Changes*in*Transition*Running*
Studies"analyzing"joint"kinematics"of"postJcycling"running"have"reported"widely"differing"
results,"with"no"central"consensus"on"whether"there"is"a"real"effect"or"not."Sagittal"plane"
kinematic"changes"have"been"observed"at"the"hip,"knee"and"ankle"immediately"after"a"cycling"
bout,"but"do"not"always"persist"throughout"the"entire"transition"run"(Rendos"et"al.,"2013;"
Bonacci"et"al.,"2010b;"Bonacci"et"al.,"2010a)."Rendos"et"al."(2013)"found"that"a"30"minute"cycling"
intervention"of"selfJselected"velocity"and"cadence"resulted"in"sagittal"plane"kinematic"changes"
at"the"hip,"pelvis,"and"spine"which"persisted"throughout"the"duration"of"the"transition"run."Peak"
hip"flexion"increased"from"39.8±6.2°"to"44.9±7.4°,"anterior"pelvic"rotation"from"19.7±5.1°"to"
24.2±6.8°,"and"spine"extension"from"15.4±7.4°"to"19.9±8.8°;"hip"extension"decreased"from"
10.9±6.0°"to"6.3±5.8°"(Rendos"et"al.,"2013)."
However,"other"studies"have"failed"to"find"significant"group"trends"in"kinematic"changes"
and"have"instead"reported"significant"changes"that"occur"on"the"individual"level."When"
analyzing"the"changes"in"oxygen"consumption"in"a"transition"run"compared"to"a"baseline"run,"
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four"kinematic"variables"(knee"angle"at"foot"contact,"ankle"angle"at"foot"contact,"total"excursion"
of"motion"at"knee,"and"minimum"excursion"at"knee)"explained"77.5%"of"the"variance"in"running"
economy"(Bonacci"et"al.,"2010b)."The"changes"in"kinematics"at"the"knee"and"ankle"varied"widely"
between"individuals,"and"8"out"of"the"15"experienced"triathletes"in"the"study"showed"no"
meaningful"change"in"running"economy."The"one"notable"trend"was"that"ankle"dorsiflexion"was"
positively"associated"with"VO2."This"effect"makes"sense"in"that"a"more"dorsiflexed"ankle"at"foot"
strike"has"been"associated"with"increased"vertical"ground"reaction"forces,"thus"losing"more"
energy"in"the"ground"collision"and"increasing"the"metabolic"cost"of"running"(Bonacci"et"al.,"
2010b)"
In"a"separate"study,"an"increase"in"ankle"dorsiflexion"occurred"in"a"single"subject"out"of"
15,"and"this"increase"was"maintained"throughout"the"30Jminute"transition"run."Four"other"
subjects"showed"transient"changes"in"the"ankle"and"hip"lasting"less"than"5"minutes,"with"no"
group"trend"(Bonacci"et"al.,"2010a)."While"the"effect"may"not"be"significant"at"the"group"level,"
especially"among"subjects"with"sufficient"experience"in"the"triathlon,"an"increase"in"ankle"
dorsiflexion"postJcycling"may"be"significant"for"some"individual"athletes,"resulting"in"
compromised"mechanics"or"performance."
EMG*Changes*in*Transition*Running*
Even"in"the"absence"of"kinematic"changes,"muscle"activity"can"vary"significantly"between"
an"isolated"run"and"a"transition"run."Due"to"this"“redundancy"of"the"motor"control"system”,"
surface"electromyography"(EMG)"is"important"to"consider"in"determining"how"running"is"altered"
off"the"bike"(Chapman"et"al.,"2009)."
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Multiple"studies"have"observed"variation"in"tibialis"anterior"activity"during"a"transition"
run"(Chapman"et"al.,"2008a;"Connick"and"Li,"2015;"Bonacci"et"al.,"2010b)."The"tibialis"anterior"
works"to"dorsiflex"the"foot,"regulate"force,"and"control"the"ankle"joint"position"(Connick"and"Li,"
2015),"and"it"is"possible"that"changes"in"tibialis"anterior"activity"could"produce"the"kinematic"
changes"at"the"ankle"observed"in"separate"studies.""
The"trends"in"altered"tibialis"anterior"activity"are"inconsistent,"however."Chapman"et"al."
(2008a)"found"altered"tibialis"anterior"recruitment"in"5"out"of"14"subjects"between"a"control"run"
and"a"transition"run"after"a"30Jminute"cycling"session,"though"there"were"no"changes"in"
kinematics."These"5"subjects"had"a"54.8%"average"decrease"in"peak"tibialis"anterior"amplitude"
during"stance"phase,"and"a"65.6%"average"decrease"in"mean"EMG"amplitude"during"stance"
phase."Another"study"found"increased"variation"in"tibialis"anterior"activation"at"the"beginning"of"
a"transition"run,"though"the"differences"were"not"statistically"significant."Furthermore,"in"a"
study"where"8"out"of"15"subjects"showed"altered"muscle"recruitments"in"at"least"one"of"four"
muscles"(including"the"tibialis"anterior),"the"individual"changes"varied"widely"with"no"overall"
group"trend"(Bonacci"et"al.,"2010b)."
Another"study"by"Bonacci"et"al."(2010a)"found"no"group"changes"after"a"15Jminute"
cycling"intervention"in"running"EMG"data"from"11"muscles"in"the"legs,"with"only"one"subject"
showing"a"change"in"muscle"recruitment"(in"this"case,"in"the"biceps"femoris)."Similar"to"
kinematic"changes"postJcycling,"changes"in"muscle"recruitment"are"highly"specific"to"the"
individual,"but"may"be"a"determinant"of"injury"risk."
"
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Changes*in*Stride*Length*and*Variability*in*Transition*Running*
Several"studies"have"shown"a"transient"decrease"in"stride"length"immediately"off"the"
bike"(Connick"and"Li,"2015;"Gottschall"and"Palmer,"2000)."When"the"baseline"and"transition"runs"
were"performed"on"a"treadmill"at"a"constant"speed,"the"decreased"stride"length"(from"2.22"
±0.25"m"to"2.18"±0.26"m)"coincided"with"an"increased"stride"frequency."The"authors"speculated"
that"the"decrease"in"stride"length"was"a"strategy"to"maintain"running"economy"off"the"bike"
(Connick"and"Li,"2015)."These"effects"were"also"present"in"a"separate"study"where"speed"was"
selfJregulated,"as"subjects"ran"on"a"track"(Gottschall"and"Palmer,"2000)."Subjects"showed"a"
consistent"step"length"(1.46J1.50m)"throughout"the"control"5km"run,"whereas"the"step"length"in"
the"transition"5"km"run"started"significantly"lower"(1.42m),"gradually"increased,"and"ended"
significantly"higher"(1.54m)."As"no"significant"differences"were"found"in"speed"between"the"
conditions"at"any"point"during"the"runs,"the"change"in"step"length"correlated"to"a"change"in"step"
frequency."Stride"frequency"was"stable"throughout"the"noJcycle"condition,"but"was"significantly"
higher"in"the"first"800m"of"the"cycleJrun"condition,"quickly"decreased"to"the"noJcycle"frequency"
by"1600m,"and"ended"the"5km"trial"at"a"lower"frequency"than"in"the"noJcycle"condition,"though"
not"significantly."
Changing"specific"parameters"of"the"cycling"session"also"had"an"effect"on"changes"in"
stride"pattern"(Bernard"et"al.,"2003;"Garside"and"Doran,"2000)."Cycling"bouts"at"80"or"100"rpm"
resulted"in"faster"mean"speeds"and"higher"stride"rates"(1.51J1.52"Hz"compared"to"1.48"Hz)"in"
the"first"500m"of"a"3km"transition"run,"compared"to"a"60"rpm"cycling"bout."These"changes"were"
limited"to"the"beginning"of"the"transition"run,"and"no"changes"were"present"in"the"overall"3km"
run"time"(Bernard"et"al.,"2003)."However,"the"effects"of"cycling"cadence"on"subsequent"run"
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performance"are"inconsistent"between"studies."Vercruyssen"et"al."(2005)"found"no"changes"in"
stride"patterns"during"running"after"cycling"bouts"ending"at"a"cadence"either"20%"higher,"20%"
lower,"or"equivalent"to"the"subjects’"freely"chosen"cadence,"but"did"observed"an"increased"time"
to"fatigue"in"the"run"postJcycling"at"a"20%"lower"cadence.""
Similar"to"an"increased"cadence,"a"steeper"seat"tube"angle"resulted"in"a"higher"running"
velocity"and"stride"frequency"at"the"beginning"of"the"transition"run"(Garside"and"Doran,"2000)."
The"authors"suggested"that"changing"the"hip"position"on"the"bike"made"the"cycling"motion"
more"similar"to"running,"minimizing"the"adjustment"to"muscle"activation"patterns"at"the"
transition."
While"a"higher"cadence"may"be"beneficial"for"increasing"stride"rate"off"the"bike,"it"may"
have"the"negative"effect"of"increasing"the"variability"of"stride"length,"exacerbating"the"feeling"of"
incoordination"in"the"cycleJrun"transition"(Bernard"et"al.,"2003;"Connick"and"Li,"2015)."The"60"
rpm"condition"in"the"Bernard"et"al."(2003)"study"resulted"in"a"reduced"variability"of"running"
velocity."Though"the"higher"cadence"conditions"had"higher"velocities"at"the"beginning"of"the"
run,"there"were"no"significant"differences"in"average"speed."In"the"Connick"and"Li"(2015)"study,"
subjects"demonstrated"a"significant"(45%)"increase"in"stride"time"variability"off"the"bike."Since"
stride"time"variability"is"typically"greater"among"less"trained"runners"(Nakayama"et"al.,"2010),"
the"authors"suggested"that"the"postJcycling"stride"variability"response"likely"can"be"minimized"
through"training."However,"all"8"subjects"in"the"study"were"triathletes"with"at"least"4"years"of"
experience,"indicating"that"compromised"or"unstable"mechanics"can"still"be"present"even"
among"well"trained"athletes"(Connick"and"Li,"2015)."
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Possible*Mechanisms*of*Alterations*in*Transition*Running*
Biomechanical"changes"in"running"due"to"cycling"are"often"inconsistent"between"studies"
and"between"individuals."Unsurprisingly,"there"are"many"varying"reasons"proposed"as"
underlying"mechanisms"for"these"changes."Some"studies"have"speculated"that"the"observed"
effects"are"due"to"the"quick"change"between"different"activities,"with"different"patterns"of"
loading"and"muscle"activation,"as"well"as"a"change"in"the"range"of"motion."Running"is"a"more"
loadJbearing,"eccentric"action"with"a"larger"range"of"motion"compared"to"cycling"(Connick"and"
Li,"2015),"and"utilizes"the"stretch"shortening"cycle"where"cycling"uses"concentric"contractions"
(Millet"and"Vleck,"2000).""
Silder"et"al."(2011)"examined"the"differences"in"kinematic"and"neuromuscular"demands"
between"running"and"cycling,"while"varying"bike"geometry"and"hand"positioning"on"the"bike."
Running"increased"the"peak"hip"extension,"knee"extension"and"flexion,"ankle"dorsiflexion,"and"
plantar"flexion,"consequently"increasing"the"musculotendon"lengths"of"the"muscles"involved"in"
these"movements."Increasing"the"seat"tube"angle"from"73°"to"79°"and"placing"the"hands"on"the"
brake"hoods"instead"of"riding"with"forearms"on"the"aero"bars"effectively"increased"hip"
extension"during"cycling,"causing"the"psoas"to"operate"at"longer"lengths."As"running"requires"a"
nearly"full"range"of"hip"extension,"increased"hip"extension"during"cycling"shifts"the"psoas"lengths"
closer"to"those"seen"during"running."The"authors"suggested"that"viscoelastic"properties"of"the"
hip"flexor"tendons"could"be"related"to"the"flexed"torso"and"reduced"stride"length"observed"in"
some"athletes"at"the"start"of"a"transition"run."When"shifting"to"an"activity"requiring"greater"hip"
extension,"the"tendons"require"time"to"condition"to"steadyJstate"behavior"at"the"new"length."
However,"the"observed"changes"in"musculotendon"operating"lengths"due"to"changes"in"bike"
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geometry"or"hand"positioning"were"much"smaller"than"the"changes"due"to"the"transition"
between"cycling"and"running"(Silder"et"al.,"2011)."
In"the"Vercruyssen"et"al."(2005)"study,"the"authors"suggested"that"the"increased"time"to"
fatigue"in"the"run"after"cycling"at"a"lower"cadence"was"due"to"changes"in"muscle"recruitment,"
particularly"the"vastus"lateralis,"gastrocnemius,"and"soleus."It’s"possible"that"these"muscles,"
which"are"specifically"recruited"more"at"higher"cadences,"were"less"fatigued"and"therefore"able"
to"be"used"more"effectively"in"the"subsequent"run"(Vercruyssen"et"al.,"2005).""
A"study"by"Rendos"et"al."(2013)"found"significant"changes"in"hip,"pelvis"and"spine"
kinematics"in"the"transition"run"when"utilizing"an"aerodynamic"position"during"the"cycling"
intervention,"with"the"trunk"flexed"over"the"handlebars."The"authors"postulated"that"the"trunk"
flexion"caused"tightness"in"the"tissues"of"the"hip"and"pelvis,"resulting"in"a"sustained"anterior"
pelvic"tilt"that"limited"the"subjects’"ability"to"extend"at"the"trunk"(Rendos"et"al.,"2013)."
Furthermore,"the"forward"leaning"posture"adopted"after"a"cycling"bout"has"been"postulated"to"
have"an"impact"on"running"efficiency"(Millet"and"Vleck,"2000)."
It"has"been"suggested"that"cycling"alters"the"neuromotor"control"and"muscle"activation"
pattern"during"running"(Chapman"et"al."2009)."Performing"different"tasks"in"sequence"has"been"
shown"to"cause"the"central"nervous"system"to"utilize"a"more"generalized"movement"plan"in"
both"tasks,"rather"than"executing"specific"plans"for"each"individual"activity"(Chapman"et"al.,"
2009)."
Interestingly,"elite"triathletes"have"been"shown"to"have"less"skilled"cycling"muscle"
recruitment"(i.e.,"more"coJcontraction)"when"compared"to"elite"cyclists"(Candotti"et"al.,"2009),"
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but"the"same"effect"was"not"observed"in"a"study"comparing"triathletes’"running"muscle"
recruitment"to"that"of"elite"runners"(Chapman"et"al.,"2008b)."Interference"in"motor"learning"
while"training"for"both"cycling"and"running"may"result"in"more"variable"cycling"muscle"
recruitment,"but"since"running"is"a"more"innate"activity,"with"locomotion"developing"early"in"
life,"running"seems"resilient"to"interference."Therefore,"triathlon"training"itself"does"not"result"in"
triathletes"having"running"patterns"significantly"different"from"those"of"trained"runners;"but"
cycling"immediately"before"running"could"alter"their"subsequent"running"patterns"(Chapman"et"
al.,"2008b)."
After"cycling,"the"neural"firing"rate"does"not"instantly"adapt"to"the"new"running"activity."
This"persistence"of"an"incorrect"neural"firing"rate"between"actions"is"termed"perseveration,"and"
could"explain"the"impaired"coordination"postJcycling"(Gottschall"and"Palmer,"2000;"Connick"and"
Li,"2015)."While"cycling"motion"tends"to"be"in"the"range"of"1.5"to"2.0"Hz,"running"is"typically"
between"1.0"and"1.5"Hz"(Millet"and"Vleck,"2000)."The"higher"stride"rates"observed"after"the"
higher"cadence"conditions"in"the"Bernard"et"al."(2003)"study"suggest"that"perseveration"of"a"
higher"frequency"motion"occurred,"though"the"effect"was"transitory."Likewise,"tibialis"anterior"
activity"in"a"transition"run"was"reduced"compared"to"a"baseline"run."This"reduction"in"activity"
made"the"EMG"pattern"more"similar"to"its"pattern"during"cycling"(Chapman"et"al.,"2008a)."The"
absence"of"kinematic"changes"in"the"transition"run"suggests"that"there"is"a"neurological"basis"to"
the"postJcycling"running"alterations."
Garside"and"Doran"(2000)"studied"the"effect"of"bicycle"frame"geometry"on"the"cycleJrun"
transition"and"reported"that,"similar"to"an"increased"cadence,"a"steeper"seat"tube"angle"resulted"
in"a"higher"running"velocity"and"stride"frequency"at"the"beginning"of"the"transition"run."The"
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authors"suggested"that"changing"the"hip"position"on"the"bike"made"the"cycling"motion"more"
similar"to"running,"minimizing"the"adjustment"to"muscle"activation"patterns"at"the"transition."
This"effect"could"be"explained"by"perseveration"J"if"the"neural"firing"patterns"during"
cycling"were"closer"to"those"seen"in"running,"it"follows"that"running"performance"would"be"
improved"off"the"bike."However,"the"study"did"not"control"for"cadence,"so"it"is"unclear"how"
similar"the"neural"firing"rates"were."It’s"possible"that"perseveration,"in"conjunction"with"an"
adjusted"hip"position"on"the"bike,"resulted"in"improved"running"mechanics"and"performance"in"
the"transition"run."A"counterargument"to"this"explanation"is"that"the"40km"cycling"time"was"
faster"in"the"steep"geometry"condition,"suggesting"that"this"geometry"improved"cycling"
efficiency"and"the"subjects"were"simply"less"fatigued"going"into"the"transition"run."This"may"
partially"explain"the"improved"running"performance,"but"the"differences"between"conditions"
only"existed"in"the"first"5km"of"the"10km"transition"runs."It’s"therefore"likely"that"there"is"a"
transitory"effect"of"cycling"independent"of"muscular"or"respiratory"fatigue."
Prevention*of*Transition*Running*Changes*
A"study"led"by"Bonacci"et"al."(2011)"evaluated"if"an"8Jweek"plyometric"program"could"
diminish"the"neuromotor"alterations"in"running"after"a"45Jminute,"highJintensity"cycling"
intervention."Of"15"moderately"trained"triathletes,"8"showed"alterations"in"EMG"activity"in"a"
transition"run"compared"to"baseline."Three"of"these"subjects"were"assigned"to"the"plyometric"
program,"and"the"5"remaining"were"assigned"to"the"control"group."After"8"weeks,"all"3"subjects"
in"the"plyometric"group"had"unaltered"transition"run"EMG"activity,"as"well"as"2"subjects"in"the"
control"group,"despite"no"changes"in"running"economy"or"anthropometric"values."The"authors"
suggested"that"the"improved"neuromotor"control"could"have"been"a"result"of"muscle"
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recruitment"adaptations"to"the"stretchJshortening"cycle"trained"during"plyometrics"(jumps,"
bounds,"skips,"etc.)"that"carried"over"to"the"transition"run."While"cycling"is"a"mainly"concentric"
action,"running"combines"eccentric"and"concentric"actions,"meaning"it"involves"the"stretchJ
shortening"cycle."However,"this"does"not"explain"how"2"of"the"5"control"group"subjects"showed"
the"same"improvements"in"neuromotor"control.*
Effect*of*Experience*on*Transition*Running*Alterations*
Rendos"et"al."(2013)"recruited"28"recreational"athletes"for"their"study"of"sagittal"plane"
kinematic"changes,"and"noted"that"the"observed"kinematic"changes"were"less"dramatic"among"
subjects"with"at"least"2"years"of"triathlon"training"experience."As"a"whole,"anterior"pelvic"tilt"
increased"significantly"from"baseline"to"the"beginning"of"the"transition"run"(19.7±5.1°"to"
24.2±6.8°)."When"controlling"for"experience,"both"the"less"experienced"(<2"years)"and"more"
experienced"(≥2"years)"subjects"had"similar"anterior"pelvic"tilt"at"baseline"(19.8±5.7°"and"
19.6±4.5°,"respectively)."However,"the"less"experienced"group"increased"their"anterior"pelvic"tilt"
to"26.0±7.2°"while"the"more"experienced"group"had"a"smaller"change,"to"22.4±6.0°."This"trend"
was"also"observed"in"other"kinematic"variables"that"had"significant"differences"at"the"group"
level"between"baseline"and"transition"(hip"flexion,"hip"extension)."
As"changes"in"kinematics"of"running"postJcycling,"particularly"an"increase"in"anterior"
pelvic"tilt,"may"increase"an"athlete’s"risk"of"injury,"further"studies"are"needed"of"how"these"
changes"occur"and"how"they"can"be"prevented."The"more"extreme"changes"in"transition"running"
for"less"experienced"triathletes"may"increase"the"risk"of"injury"for"this"population,"and"be"
prohibitive"to"those"trying"to"enter"the"sport."Furthermore,"transition"run"kinematic"changes"
can"be"specific"to"the"individual,"and"even"some"experienced"triathletes"display"altered"
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kinematics"postJcycling."Since"triathlon"injuries"are"extremely"prevalent,"it"is"worth"investigating"
further"whether"the"triathlon’s"unique"aspect"of"running"immediately"after"cycling"causes"
injuries"and"if"any"training"strategies"could"be"adopted"to"mitigate"this"risk."
*
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CHAPTER 3. 
BIOMECHANICAL ANALYSIS OF THE TRANSITION 
FROM CYCLING TO RUNNING FOR TRIATLETES 
KATHERINE'M.'DESIMONE,'JASON'C.'GILLETTE'
Abstract*
BACKGROUND:"Injury"rates"among"triathletes"have"been"reported"to"be"as"high"as"87%."Previous"
research"has"established"that"some"triathletes"display"altered"kinematics"during"running"after"
cycling,"compared"to"an"isolated"run."These"kinematic"changes"include"increased"anterior"pelvic"
tilt,"decreased"hip"extension,"and"increased"variability"in"stride"length"and"time."The"purpose"of"
this"study"was"to"determine"whether"a"hip"flexor"stretch"performed"in"the"brief"transition"
period"between"cycling"and"running"would"result"in"a"postJcycling"(transition)"run"more"similar"
to"a"control"run."
METHODS:"Twelve"participants"performed"a"5Jminute"baseline"run,"a"15Jminute"transition"run"
with"no"intervention,"and"a"15Jminute"transition"run"with"a"bilateral"hip"flexor"stretch"between"
the"cycling"and"running"periods."Kinematic"data"were"collected"with"a"Vicon"motion"capture"
system."Segment"angles,"joint"angles"and"stride"lengths"were"calculated"at"a"single"time"point"in"
the"baseline"run"and"at"3"time"points"in"each"of"the"transition"runs.""
RESULTS:"Peak"forward"trunk"lean,"peak"anterior"pelvic"tilt,"peak"hip"extension,"and"peak"hip"
flexion"were"significantly"dependent"upon"run"condition."Trunk"lean"and"pelvic"tilt"significantly"
increased"at"all"time"points"in"both"the"noJstretch"and"stretch"transition"runs"compared"to"
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baseline."Hip"extension"increased"in"the"first"minute"of"the"stretch"transition"run,"while"hip"
flexion"decreased"in"the"first"minute"of"the"noJstretch"transition"run"and"in"the"1"and"5Jminute"
time"points"in"the"stretch"transition"run"compared"to"baseline."Forward"trunk"lean"and"anterior"
pelvic"tilt"were"lower"in"the"stretch"transition"run"before"the"10Jminute"time"point"compared"to"
the"noJstretch"transition"run,"though"these"differences"were"not"significant."
CONCLUSION:'An"intervening"hip"flexor"stretch"provided"only"a"modest"and"nonJsignificant"
improvement"in"anterior"pelvic"tilt"and"forward"trunk"lean"in"the"early"stages"of"postJcycling"
running."The"sustained"increases"in"anterior"pelvic"tilt"and"trunk"lean"suggest"that"hip"flexor"
tightness"is"not"the"only"factor"driving"kinematic"changes"during"transition"running."Further"
investigation"is"needed"to"determine"the"mechanisms"of"cycling’s"effects"on"running"
biomechanics."
Introduction*
The"triathlon"is"a"single"event"comprised"of"three"individual"sports"completed"in"
immediate"succession"(swimming,"cycling,"and"running)."A"standard"(Olympic)"distance"triathlon"
comprises"1500m"of"swimming,"40km"of"cycling,"and"10km"of"running."Since"performance"in"
the"cycling"and"running"stages"is"more"correlated"with"an"athlete’s"finishing"place"than"
performance"in"the"swimming"stage"(Millet"and"Vleck,"2000),"the"cycle"to"run"transition"is"of"
particular"interest"to"competitors"and"coaches."Injury"rates"among"triathletes"are"alarmingly"
high,"and"the"majority"of"injuries"are"overuse"in"nature."In"a"survey"of"subjects"training"for"an"
ironJdistance"triathlon,"87%"of"subjects"reported"an"overuse"injury"of"some"kind,"with"more"
than"50%"reporting"substantial"problems"(Andersen"et"al.,"2013)."Since"most"triathlon"injuries"
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are"linked"to"running"(Gosling"et"al.,"2008),"efforts"to"prevent"injuries"in"the"sport"are"best"
focused"on"this"component."
Many"triathletes"report"feeling"uncoordinated"when"they"begin"running"immediately"
after"cycling,"and"this"is"particularly"true"in"novice"triathletes"(Millet"and"Vleck,"2000)."A"
common"strategy"to"habituate"a"triathlete"to"the"cycleJrun"transition"is"to"incorporate"backJtoJ
back"bouts"of"cycling"and"running"known"as"“brick”"workouts"into"their"training"sessions"
(Fitzgerald,"2015)."However,"there"is"no"consensus"on"the"necessity"of"such"training"for"
improving"triathlon"performance"or"preventing"injuries."While"many"coaches"advocate"for"brick"
workouts"of"various"lengths"and"intensities,"27"out"of"30"triathletes"in"the"1996"Great"Britain"
national"elite"squad"did"not"include"cycleJrun"sessions"(Millet"and"Vleck,"2000)."Especially"for"
athletes"running"a"substantial"amount"of"mileage"after"cycling"as"part"of"brick"workouts,"altered"
mechanics"off"the"bike"could"be"a"source"of"increased"injury"risk."
Running"is"a"more"loadJbearing,"eccentric"action"with"a"larger"range"of"motion"
compared"to"cycling"(Connick"and"Li,"2015),"which"may"explain"the"incoordination"when"
switched"rapidly"from"one"activity"to"the"other."Many"studies"have"proposed"a"neural"basis"to"
the"postJcycling"changes."Athletes"may"be"maintaining"the"neural"firing"rates"used"during"
cycling"at"the"beginning"of"their"run,"and"this"effect"is"termed"perseveration"(Gottschall"and"
Palmer,"2000;"Connick"and"Li,"2015)."Electromyography"studies"have"shown"altered"muscle"
recruitment"patterns"in"a"postJcycling"run"compared"to"an"isolated"run,"specifically"in"the"tibialis"
anterior"(Chapman"et"al.,"2008a)."On"the"other"hand,"it’s"possible"that"the"aerodynamic"position"
assumed"during"cycling,"with"the"trunk"flexed"over"the"handlebars,"could"result"in"tightness"of"
flexor"muscles"of"the"hip"and"pelvis"and"ultimately"altered"kinematics"(Rendos"et"al.,"2013)."
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Kinematic"studies"have"confirmed"that"a"transition"run"after"a"cycling"session"can"have"
significant"biomechanical"differences"from"a"baseline"run."Several"studies"of"experienced"
triathletes"have"noted"an"increase"in"stride"frequency"and"decrease"in"step"length"early"in"a"
transition"run"compared"to"a"baseline"run"(Connick"and"Li,"2015;"Gottschall"and"Palmer,"2000;"
Bernard"et"al.,"2003)."Rendos"et"al."(2013)"found"increased"peak"hip"flexion,"increased"anterior"
pelvic"tilt,"and"decreased"hip"extension"that"persisted"throughout"the"15Jminute"transition"run."
However,"other"studies"have"failed"to"find"significant"group"trends"in"kinematic"changes"and"
have"instead"reported"changes"that"occur"on"the"individual"level"(Bonacci"et"al.,"2010a,"b)."
Increased"anterior"pelvic"tilt"would"be"of"concern"since"it"is"associated"with"an"increased"risk"of"
injury"to"the"hips,"pelvis"and"lower"back"(Schache"et"al.,"2000)."
As"anterior"pelvic"tilt"is"a"possible"underlying"cause"of"biomechanical"alterations"postJ
cycling,"a"stretch"to"counteract"this"tilt"may"result"in"running"mechanics"that"are"more"similar"to"
those"in"an"isolated"run"and"present"a"reduced"risk"of"injury."The"purpose"of"this"study"was"to"
determine"whether"a"brief"hip"flexor"stretching"intervention"prevents"altered"kinematics"when"
athletes"transition"from"cycling"to"running."Consistent"with"previous"studies,"we"hypothesized"
that"when"the"hip"flexors"are"not"stretched"after"cycling,"peak"anterior"pelvic"tilt"and"hip"flexion"
angles"are"significantly"increased"during"the"transition"run"as"compared"to"a"baseline"run."We"
also"hypothesized"that"when"using"a"hip"flexor"stretch"intervention"after"cycling,"peak"anterior"
pelvic"tilt"and"hip"flexion"angles"are"unchanged"during"the"transition"run"as"compared"to"a"
baseline"run."
*
*
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Methods*
PARTICIPANTS'
Twelve"recreational"and"competitive"athletes"(7"males,"5"females)"were"recruited"for"
this"study"from"the"university"triathlon,"running"and"cycling"clubs,"and"a"local"running"club."
Eight"had"specific"experience"in"the"triathlon,"with"a"range"of"0"to"7"years"of"experience"
(average"3±3"years);"the"remaining"4"had"experience"in"both"running"and"cycling."Subjects"were"
excluded"from"the"study"if"they"were"currently"running"under"15"miles"per"week,"cycling"under"
2"hours"a"week,"had"suffered"a"lower"body"injury"in"the"last"3"months,"or"had"undergone"
surgery"on"their"lower"extremity"in"the"past"year."All"participants"provided"informed"consent"
prior"to"data"collection."Subjects"were"asked"to"complete"a"survey"asking"for"their"age,"height,"
weight,"injury"history,"average"weekly"training"volume"(cycling"miles"and"running"miles)"and"
their"years"of"triathlon"experience"(Table"1)."The"Institutional"Review"Board"at"Iowa"State"
University"approved"the"study."
Table&1:&Participant&characteristics&
Age" Height" Mass" Running"volume" Cycling""volume"
SelfJselected"
running"speed"
SelfJselected"
cycling"power"
(yr)" (m)" (kg)" (mi"per"week)" (mi"per"week)" (mi"per"hour)" (watts)"
31"(13)" 1.7"(0.1)" 69"(15)" 25"(10)" 50"(35)" 6.9"(0.8)" 131"(28)"
Values'are'mean'(standard'deviation)'
DATA'COLLECTION''
Running"trials"were"performed"on"a"treadmill"set"to"a"1%"incline,"to"simulate"outdoor"
running"(Garside"and"Doran,"2000)."Cycling"trials"were"performed"on"a"Lode"ergometer,"which"
continuously"adjusted"the"resistance"in"response"to"the"subject’s"cadence"to"maintain"a"
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constant"power"output."The"Lode"ergometer"was"fitted"with"triathlon"aero"bars,"and"the"seat"
and"handlebar"positions"were"adjusted"to"fit"each"subject."The"seat"height"was"adjusted"to"the"
leg"length"of"each"subject,"and"the"seat"fore/aft"position"was"adjusted"to"maintain"a"seat"tube"
angle"representative"of"a"triathlon"bike"(between"76°"and"78°)."All"cycling"trials"were"performed"
in"an"aerodynamic"position,"with"the"forearms"resting"on"the"aero"bars."Subjects"initially"
performed"a"5Jminute"run"on"a"treadmill"to"establish"baseline"kinematic"parameters"and"to"selfJ
select"a"running"speed"that"would"represent"a"typical"training"pace."In"addition,"subjects"cycled"
for"5"minutes"to"selfJselect"a"power"output"representing"a"typical"training"effort"while"
maintaining"a"cadence"between"90"and"100"rpm."The"mean"selfJselected"running"speed"and"
power"output"are"included"in"Table"1."
Before"the"stretch"condition"cycleJrun"trial,"subjects"were"guided"through"the"correct"
position"and"technique"for"the"hip"flexor"stretch"intervention."The"stretch"was"a"30Jsecond"
kneeling"hip"flexor"stretch"on"each"leg"to"be"performed"after"completing"the"cycling"portion"of"
each"trial."Subjects"were"reminded"to"be"conscious"of"hip"position"and"to"ensure"the"pelvis"was"
square"to"the"torso"with"no"anterior"pelvic"tilt."In"order"to"be"practical,"the"stretch"had"to"be"
performed"relatively"quickly,"since"the"typical"transition"between"the"cycling"and"running"stages"
takes"just"under"a"minute."
Each"subject"then"completed"a"cycleJrun"trial"with"and"without"a"postJcycling"hip"flexor"
stretch"intervention."The"order"of"the"postJcycling"stretch"and"control"(no"stretch)"trials"was"
alternated"between"subjects."Each"cycleJrun"trial"began"with"a"20Jminute"cycling"session"at"the"
power"output"selected"during"the"initial"5Jminute"cycle."The"cycling"session"was"set"to"20"
minutes"since"previous"studies"have"found"15"to"20Jminute"cycling"sessions"induced"changes"in"
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running"kinematics"(Bernard"et"al.,"2003;"Bonacci"et"al.,"2010a;"Chapman"et"al.,"2008a)."Subjects"
were"instructed"to"keep"the"cadence"between"90"and"100"rpm."Since"cadence"has"been"shown"
to"have"an"effect"on"subsequent"running,"cadence"was"maintained"at"a"relatively"high"level"
since"this"has"been"suggested"to"improve"stride"length"and"frequency"off"the"bike"(Bernard"et"
al.,"2003)."After"cycling,"there"was"a"2Jminute"transition"period"to"allow"for"the"subject"to"
dismount"the"bike,"change"shoes,"and"complete"the"hip"flexor"stretch"(in"the"stretch"condition)."
In"both"the"stretch"and"control"conditions,"subjects"were"not"permitted"to"start"the"transition"
run"until"2"minutes"had"passed"to"reduce"the"effects"of"different"transition"period"lengths."After"
the"transition"period,"subjects"performed"a"15Jminute"run"on"a"treadmill"at"the"running"speed"
determined"during"the"baseline"run."Subjects"were"given"a"60Jminute"recovery"period"between"
stretch"and"control"cycleJrun"trials."
ThreeJdimensional"kinematic"data"were"captured"during"the"transition"run"trials"with"an"
eightJcamera"Vicon"Nexus"motion"capture"system"at"160"Hz"(Vicon,"Centennial,"CO)."Reflective"
markers"were"placed"on"the"right"leg"at"the"toe,"lateral"dorsifoot,"heel,"medial"and"lateral"
malleoli,"anterior"calf,"lateral"calf,"medial"and"lateral"femoral"epicondyles,"anterior"thigh,"lateral"
thigh,"and"greater"trochanter."In"addition,"markers"were"placed"on"the"left"greater"trochanter,"
left"and"right"anterior"superior"iliac"spine,"sacrum,"left"and"right"posterior"superior"iliac"spine,"
left"and"right"acromion,"and"the"cervicale."Participants"performed"a"static"trial"in"the"anatomical"
position"at"the"start"of"the"data"collection."Markers"were"removed"from"the"medial"malleolus,"
medial"femoral"epicondyle,"and"left"and"right"anterior"superior"iliac"spine"after"completion"of"
the"static"trial"and"recreated"during"the"dynamic"trials"using"surrounding"markers."
'
30"
"
DATA'ANALYSIS'
Kinematic"data"were"imported"to"a"custom"MATLAB"(ver."R2015a,"MathWorks,"Natick,"
MA)"program"for"analysis."The"ankle"joint"center"was"calculated"as"the"midpoint"between"the"
lateral"and"medial"malleoli"markers,"the"knee"joint"center"as"the"midpoint"between"the"medial"
and"lateral"femoral"epicondyle"markers,"and"the"hip"joint"center"as"30%"of"the"distance"
between"the"left"and"right"greater"trochanter"markers."Marker"data"were"filtered"using"a"dualJ
pass,"fourthJorder"low"pass"Butterworth"filter"with"a"15"Hz"cutoff"frequency."Hip"flexion,"hip"
extension,"hip"adduction,"hip"abduction,"minimum"knee"flexion,"forward"trunk"lean,"and"ankle"
dorsiflexion"angles"were"calculated"using"Euler/Cardan"equations"with"a"rotation"order"of"
flexion/extension,"abduction/adduction,"and"internal/external"rotation."Forward"trunk"lean"was"
calculated"as"the"rotation"of"the"torso"coordinate"system"with"respect"to"the"pelvis"coordinate"
system."Pelvic"tilt"was"calculated"as"the"rotation"of"the"pelvis"segment"with"respect"to"the"
laboratory’s"global"coordinate"system,"about"the"medialJlateral"axis"(Schache"et"al.,"2000)."
Forward"trunk"lean"angle"was"calculated"as"the"rotation"of"the"trunk"segment"with"respect"to"
the"pelvis"segment."Segment"angles,"joint"angles,"stride"length"and"stride"time"were"calculated"
over"10"strides"leading"up"to"the"5Jminute"mark"of"the"baseline"run"and"leading"up"to"the"1,"5,"
10,"and"15"minute"marks"of"the"transition"runs."The"start"of"each"stride"was"defined"as"the"
frame"in"which"the"vertical"velocity"of"the"heel"marker"changed"from"negative"to"positive,"which"
has"been"previously"established"as"a"valid"method"of"foot"strike"detection"(Fellin"et"al.,"2010)."
Strides"were"interpolated"to"101"time"points"for"calculation"of"segment"and"joint"angles.*Stride"
length"coefficient"of"variability"for"each"condition"was"calculated"as"the"standard"deviation"
divided"by"the"mean"of"the"10"stride"lengths,"multiplied"by"100"(Connick"and"Li,"2015)."
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STATISTICAL'ANALYSIS'
Outliers"caused"by"marker"loss"or"irregular"foot"strike"detection"were"identified"by"
examination"of"joint"angle"values"and"stride"times"and"removed"from"further"analysis"(24"of"
1080"strides,"27"of"1404"calculated"joint"angles)."As"outliers"occurred"disproportionately"at"the"
15Jminute"time"points,"only"minutes"1,"5,"and"10"of"the"transition"runs"were"included"in"our"
analysis."Maximum"values"for"anterior"pelvic"tilt,"hip"flexion,"hip"extension,"hip"adduction,"hip"
abduction,"forward"trunk"lean"and"ankle"dorsiflexion"and"minimum"values"for"knee"flexion"were"
averaged"across"10"strides"leading"up"to"the"time"marks."Repeated"measures"MANOVA"was"
used"to"compare"peak"segment"and"joint"angles"and"stride"length"as"a"function"of"running"
condition"(baseline,"3"times"points"for"transition"with"no"stretch,"3"times"points"for"transition"
with"stretch)."If"a"significant"main"effect"of"running"was"found,"univariate"ANOVA"was"used"to"
determined"which"variables"were"dependent"upon"running"condition."PostJhoc"pairwise"
comparisons"were"used"to"test"for"significant"differences"between"running"conditions"with"a"
Bonferroni"adjustment"for"multiple"comparisons."Significance"was"set"at"p"<"0.05"for"all"
comparisons."Statistical"analyses"were"run"in"SPSS"(ver."22,"IBM"Corp.,"Armonk,"NY)"and"JMP"
(ver."11.0,"SAS"Institute"Inc.,"Cary,"NC)."
Results*
The"repeated"measures"MANOVA"revealed"a"significant"main"effect"of"run"condition"
(p=0.002)."Subsequent"univariate"ANOVA"indicated"that"peak"forward"trunk"lean"(p<0.001),"
peak"anterior"pelvic"tilt"(p<0.001),"peak"hip"extension"(p=0.012),"and"peak"hip"flexion"(p<0.001)"
were"significantly"dependent"upon"run"condition."No"significant"effects"of"run"condition"were"
detected"for"peak"hip"adduction"(p=0.135),"peak"hip"abduction"(p=0.815),"minimum"knee"
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flexion"(p=0.324),"and"peak"ankle"dorsiflexion"(p=0.941),"nor"were"any"significant"effects"of"run"
condition"detected"for"stride"length"(p=1.000)"or"stride"length"variability"(p=0.865)."Complete"
data"tables"for"mean"peak"angles"by"subject"and"run"condition"(Table"A1)"and"mean"stride"
length"and"stride"length"variability"by"run"condition"(Table"A2)"are"included"in"the"Appendix."
PEAK'FORWARD'TRUNK'LEAN'
PostJhoc"pairwise"comparisons"revealed"that"peak"forward"trunk"lean"was"significantly"
higher"during"the"noJstretch"transition"run"at"1"minute"(p=0.020),"5"minutes"(p=0.025),"and"10"
minutes"(p=0.023),"and"in"the"stretch"transition"run"at"1"minute"(p=0.003),"5"minutes"(p=0.001),"
and"10"minutes"(p=0.019)"as"compared"to"the"baseline"run"(Table"2,"Figure"1)."
PEAK'ANTERIOR'PELVIC'TILT'
Peak"anterior"pelvic"tilt"was"significantly"higher"during"the"noJstretch"transition"run"at"1"
minute"(p=0.016),"5"minutes"(p=0.012),"and"10"minutes"(p=0.019),"and"in"the"stretch"transition"
run"at"1"minute"(p=0.002),"5"minutes"(p=0.003),"and"10"minutes"(p=0.024)"as"compared"to"the"
baseline"run"(Table"2,"Figure"2).""
PEAK'HIP'EXTENSION'
Peak"hip"extension"was"significantly"higher"during"the"stretch"transition"run"at"1"minute"
(p=0.024)"as"compared"to"the"baseline"run"(Table"2)."
PEAK'HIP'FLEXION'
Peak"hip"flexion"was"significantly"lower"during"the"noJstretch"transition"run"at"1"minute"
(p=0.022),"and"in"the"stretch"transition"run"at"1"minute"(p=0.013)"and"5"minutes"(p=0.028)"as"
compared"to"the"baseline"run"(Table"2)."
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Table&2:&Peak&angles&by&run&condition&
" Baseline"
run"
NoJstretch"transition"run"" Stretch"transition"run"
Minute" " 1" 5" 10" 1" 5" 10"
Forward"trunk"lean" 10.2"""""""
(3.5)"
15.1*****
(5.7)*a*
15.6******
(6.4)*a*
15.3****
(6.1)*a*
13.9*****
(4.1)*b*
14.3****
(4.3)*b*
15.4****
(5.7)*a*
Anterior"pelvic"tilt" 2.5""""""
(2.4)"
7.1*******
(4.9)*a*
7.2******
(5.1)*a*
7.1******
(5.0)*a*
6.5********
(4.1)*b*
6.3******
(3.8)*b*
6.8******
(4.5)*a*
Hip"extension" 14.4""""
(4.6)"
17.2"""""
(5.0)"
17.5"""""
(5.1)"
17.5""""
(5.3)"
16.7*****
(4.3)*a*
16.8""""
(4.5)"
17.5"""""
(4.7)"
Hip"flexion" 37.5"""
(5.6)"
32.9*****
(7.1)*a*
34.5"""""
(7.8)"
34.2""""
(7.5)"
33.6*****
(5.8)*a*
33.9****
(6.1)*a*
33.5""""
(6.7)"
Hip"adduction" 13.1"""
(5.9)"
14.9"""""
(7.2)"
14.4""""
(7.6)"
15.1"""""
(7.0)"
14.4""""""
(6.9)"
14.9"""""
(6.9)"
15.3"""""
(7.2)"
Hip"abduction" 10.0"""
(9.0)"
9.2"""""""
(9.9)"
9.8""""
(10.4)"
9.9""""
(10.3)"
9.8""""""
(10.2)"
9.4"""""""
(9.9)"
8.9""""
(10.9)"
Min"knee"flexion" 11.6"""
(4.2)"
11.5"""""
(4.3)"
12.3""""
(4.6)"
12.6""""
(4.5)"
11.3""""""
(4.2)"
11.4"""""
(4.4)"
11.9""""
(4.0)"
Ankle"dorsiflexion" 17.4"""
(6.1)"
17.1"""""
(5.1)"
17.0""""
(5.5)"
17.1""""
(5.2)"
17.4""""""
(5.1)"
17.6""""
(5.4)"
17.5""""
(5.8)"
All"values"are"mean"(standard"deviation)."a"J"Significantly"different"from"baseline"run,"p<0.05;"b"J"Significantly"
different"from"baseline"run,"p<0.01."
"
& &
34"
"
&
Figure&1:&Peak&forward&trunk&lean&during&baseline&run&and&transition&runs.&Average&values&
shown&with&standard&deviations.&
&
&
Figure&2:&Peak&anterior&pelvic&tilt&during&baseline&run&and&transition&runs.&Average&
values&shown&with&standard&deviations.&
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Discussion*
The"purpose"of"this"study"was"to"investigate"whether"an"intervention"in"the"form"of"a"
hip"flexor"stretch"could"prevent"undesired"kinematic"changes"in"running"immediately"after"
cycling."We"hypothesized"that"peak"anterior"pelvic"tilt"and"hip"flexion"angles"would"increase"
compared"to"a"baseline"run"when"not"stretching"prior"to"the"transition"run,"while"these"angles"
would"be"statistically"similar"to"baseline"run"levels"when"using"a"hip"flexor"stretch"prior"to"the"
transition"run."Our"hypotheses"were"mostly"rejected"by"the"results."Peak"anterior"pelvic"tilt"did"
significantly"increase"in"the"noJstretch"transition"run"compared"to"the"baseline"run,"but"was"
also"significantly"increased"during"the"stretch"transition"run."Contrary"to"our"hypothesis,"peak"
hip"flexion"significantly"decreased"or"remained"unchanged"during"the"noJstretch"and"stretch"
transition"runs"compared"to"the"baseline"run."
Our"results"did"suggest"a"modest"but"nonJsignificant"benefit"of"a"hip"flexor"stretch"
between"cycling"and"running"during"the"early"stages"of"the"transition"run."Peak"anterior"pelvic"
tilt"was"0.6J0.9°"lower"during"the"stretch"transition"run"as"compared"to"the"noJstretch"transition"
run"at"1"minute"and"5"minutes."However,"peak"anterior"pelvic"tilt"during"both"transition"runs"
were"significantly"higher"than"the"baseline"run,"the"difference"between"the"transition"runs"did"
not"reach"statistical"significance,"and"reductions"of"less"than"one"degree"may"not"be"clinically"
significant."Similarly,"peak"forward"trunk"lean"was"1.2J1.3°"lower"in"the"stretch"transition"run"
than"the"noJstretch"transition"run"at"1"minute"and"5"minutes."Once"again,"peak"forward"trunk"
lean"was"significantly"higher"during"both"transition"runs"than"the"baseline"run,"there"was"no"
significant"difference"between"the"noJstretch"and"stretch"conditions,"and"the"reduction"may"not"
be"clinically"significant."However,"despite"the"absence"of"significant"differences"between"the"
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noJstretch"and"stretch"conditions,"many"participants"reported"feeling"“less"tight”"and"“more"
fluid”"when"starting"the"transition"run"after"stretching."
A"surprising"finding"was"that"peak"anterior"pelvic"tilt"and"forward"trunk"lean"angles"did"
not"appreciably"change"during"the"noJstretch"transition"run"and"drifted"slightly"away"from"
baseline"run"angles"during"the"stretch"transition"run."However,"these"slight"changes"were"not"
significant."Based"on"previous"studies"(Bonacci"et"al.,"2010a;"Bernard"et"al.,"2003;"Garside"and"
Doran,"2000),"it"was"expected"that"any"kinematic"changes"over"the"course"of"the"transition"run"
would"represent"a"shift"towards"the"baseline"run,"demonstrating"cycling’s"transient"effect"on"
running."However,"our"study"showed"that"increases"in"peak"anterior"pelvic"tilt"and"forward"
trunk"lean"either"stayed"relatively"constant"over"the"first"10"minutes"of"the"noJstretch"transition"
run"or"increased"slightly"at"10"minutes"in"the"stretch"transition"run."Unfortunately,"any"minor"
benefits"of"the"hip"flexor"stretch"did"not"appear"to"last"beyond"the"1Jminute"and"5Jminute"time"
points"of"the"stretch"transition"run."Several"studies"have"examined"the"acute"effects"of"static"
stretching,"and"detected"a"shortJlived"increase"in"dynamic"joint"range"of"motion"that"did"not"
persist"after"a"period"of"3J10"minutes"(Cronin"et"al.,"2008;"DePino"et"al.,"2000)."These"findings"
support"the"trends"seen"in"our"results:"it’s"possible"that"the"hip"flexor"stretch"resulted"in"minor"
improvements"only"immediately"after"the"stretch."
The"increased"hip"extension"observed"during"the"first"minute"of"the"stretch"transition"
run"was"an"unexpected"result,"as"a"previous"study"observed"decreased"hip"extension"along"with"
increased"hip"flexion"(Rendos"et"al.,"2013),"and"increased"anterior"pelvic"tilt"has"been"associated"
with"reduced"hip"extension"range"of"motion"during"running"(Schache"et"al.,"2000)."This"suggests"
the"increase"in"anterior"pelvic"tilt"observed"in"transition"run"may"be"only"partially"related"to"hip"
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flexor"tightness."There"may"be"other"sources"of"altered"musculotendon"length"and"stiffness"that"
affect"both"forward"trunk"lean"and"anterior"pelvic"tilt,"such"as"the"lower"back."Another"factor"to"
consider"when"comparing"our"results"to"those"of"Rendos"et"al."(2013)"is"that"our"bike"was"
specifically"set"to"a"steep"seat"tube"angle,"which"has"been"shown"to"shift"the"psoas"operating"
lengths"during"cycling"motion"closer"to"those"seen"during"running"(Silder"et"al.,"2011)"and"
minimize"the"adjustment"to"muscle"activation"patterns"when"transition"from"cycling"to"running"
(Garside"and"Doran,"2000)."
On"the"other"hand,"it’s"possible"that"fatigue"had"a"larger"effect"on"kinematics"in"our"
protocol"than"anticipated,"and"the"sustained"changes"in"trunk"lean"and"pelvic"tilt"are"due"more"
to"fatigue"than"to"the"effects"of"cycling."The"experience"level"of"our"subject"group"is"a"major"
limitation"to"the"generalizability"of"our"results."As"only"8"of"the"12"subjects"in"the"current"study"
had"specific"training"in"the"triathlon"and"only"5"had"2"or"more"years"of"experience,"our"results"
may"not"be"representative"of"a"high"level"competitive"triathlete."Chapman"et"al."(2009)"
demonstrated"that"their"cycleJrun"protocol"consisting"of"a"10Jminute"baseline"run,"60Jminute"
recovery"period,"20Jminute"cycle"and"30Jminute"transition"run"did"not"induce"neuromuscular"
fatigue"as"compared"to"an"isolated"run"on"a"separate"test"day."However,"the"authors"warned"
that"their"conclusion"was"not"generalizable"to"nonJhighly"trained"athletes."Our"subject"group’s"
experience"level"was"far"below"that"of"the"group"in"the"Chapman"et"al."(2009)"study,"which"was"
comprised"of"10"highJlevel"triathletes."It’s"therefore"likely"that"despite"the"60Jminute"recovery"
period,"fatigue"played"a"larger"role"in"our"study"than"anticipated."
Since"we"cannot"rule"out"the"effects"of"fatigue,"a"limitation"to"our"results"is"that"the"
baseline"kinematics"were"taken"from"a"single"time"point"at"the"end"of"a"5Jminute"control"run."A"
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10"minute"control"run"would"have"given"us"1,"5,"and"10"minute"time"points"to"compare"with"the"
transition"run"time"points."A"longer"baseline"run"may"have"allowed"us"to"better"distinguish"the"
effects"of"running"fatigue"from"the"effects"of"combined"cycling"and"running"fatigue."
Furthermore,"our"study"utilized"two"cycleJrun"sessions"on"a"single"test"day,"separated"by"a"60J
minute"recovery"period."The"order"of"the"stretch"and"noJstretch"conditions"was"balanced"across"
subjects,"but"cumulative"fatigue"may"have"affected"the"results."Conducting"the"cycleJrun"
sessions"on"separate"testing"days"may"have"led"to"slight"differences"in"marker"placement"and"
dayJtoJday"performance"variability,"but"dramatically"reduced"the"effects"of"fatigue."
Previous"studies"have"demonstrated"an"effect"of"triathlon"experience"on"transition"run"
kinematic"changes."Rendos"et"al."(2013)"found"that"subjects"with"over"2"years"of"triathlon"
experience"showed"changes"in"only"two"kinematic"variables"(spine"extension"angle"and"hip"
flexion"angle)."In"contrast,"the"less"experienced"group"(less"than"2"years"of"triathlon"experience)"
showed"significant"increases"in"5"variables"(trunk"flexion,"spine"extension,"anterior"pelvic"tilt,"
hip"flexion"and"hip"extension)."While"most"studies’"subject"groups"consisted"of"highly"
experienced"or"elite"triathletes,"recruitment"for"the"Redos"et"al."(2013)"study"included"
recreational"athletes"who"regularly"ran"and"cycled"(at"least"30"minutes"three"times"per"week)."
Those"recreational"athletes"were"likely"similar"to"the"subjects"fitting"our"inclusion"criteria"(15"
miles"running"per"week,"2"hours"cycling"per"week)."
Most"of"our"subjects"with"triathlon"experience"reported"incorporating"postJcycling"
running"into"their"training"about"once"per"week."However,"subjects"who"were"not"specifically"
training"for"the"triathlon"likely"had"never"completed"such"a"transition"and"thus"their"kinematics"
may"have"been"affected"to"a"larger"degree"than"if"they"had"experienced"postJcycling"running"on"
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a"regular"basis."Neuromotor"control"and"adaptation"time"has"been"suggested"to"play"a"role"in"
kinematic"differences"in"postJcycling"running"(Chapman"et"al.,"2009;"Gottschall"and"Palmer,"
2000;"Connick"and"Li,"2015)."Therefore,"it"is"possible"that"practicing"the"cycleJrun"transition"
meant"experienced"triathletes"were"able"to"more"quickly"adapt"to"the"running"movement"
pattern."In"contrast,"nonJtriathletes"may"be"more"heavily"affected"by"interference"of"conflicting"
muscle"activation"patterns"between"cycling"and"running."
The"cycling"cadence"range"utilized"for"this"study"may"be"one"explanation"why"many"
subjects"displayed"signs"of"fatigue."The"cadence"range"(90J100"rpm)"of"our"cycling"sessions"is"in"
the"higher"end"of"the"range"of"cadences"typically"used"for"similar"studies."Subjects"were"
instructed"to"choose"a"Lode"ergometer"resistance"that"replicated"a"moderate,"nonJfatiguing"
training"pace."However,"individuals"who"typically"trained"at"a"lower"cadence"may"have"been"
affected"more"by"cycling"at"a"higher"cadence"before"running"than"they"would"have"been"at"their"
preferred"cadence."Cycling"cadence"has"been"shown"to"have"an"effect"on"subsequent"running"
performance."Vercruyssen"et"al."(2005)"found"that"time"to"fatigue"in"a"run"was"increased"after"
cycling"at"a"lower"cadence."It"was"suggested"that"when"cycling"at"higher"cadences,"there"is"
greater"recruitment"of"muscles"that"are"also"highly"utilized"during"running,"including"the"vastus"
lateralis,"gastrocnemius,"and"soleus."
Furthermore,"the"bike"geometry"utilized"for"this"study"may"be"another"explanation"for"
potential"fatigue"effects."Bike"geometry"has"been"shown"to"have"an"effect"on"subsequent"
running"kinematics."Garside"and"Doran"(2000)"studied"the"effect"of"bicycle"frame"geometry"on"
the"cycleJrun"transition"and"reported"that"a"steeper"seat"tube"angle"resulted"in"a"higher"running"
velocity"and"stride"frequency"at"the"beginning"of"the"transition"run."The"authors"suggested"that"
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changing"the"hip"position"on"the"bike"made"the"cycling"motion"more"similar"to"running,"
minimizing"the"adjustment"to"muscle"activation"patterns"at"the"transition."The"cycling"sessions"
in"our"study"were"performed"on"a"bike"fitted"to"replicate"the"seat"tube"angle"and"aerodynamic"
position"typical"of"triathlon"cycling,"which"may"have"been"an"adjustment"that"increased"fatigue"
for"subjects"who"typically"trained"on"road"bikes."
Conclusion*
Overall,"the"hip"flexor"stretch"produced"only"modest,"nonJsignificant"improvements"in"
anterior"pelvic"tilt"and"forward"trunk"lean"during"the"early"stages"of"the"transition"run"after"
cycling."Without"kinetic"data"to"supplement"the"kinematic"data,"it"is"unknown"if"the"observed"
changes"in"trunk"lean,"pelvic"tilt,"and"hip"flexion/extension"lead"to"differences"in"lower"
extremity"and"low"back"loading"that"could"be"related"to"injury"risk."Shortening"of"the"hip"flexors"
during"cycling"may"be"only"one"of"many"factors"driving"kinematic"changes"during"the"transition"
run."Lengthening"of"the"hamstring,"gluteal,"and"low"back"muscles"during"cycling"may"also"play"
an"important"role"in"kinematic"changes"during"running."It"is"suggested"that"future"studies"of"the"
cyclingJrunning"transition"incorporate"electromyography"data"that"may"provide"insight"into"
potential"changes"in"muscle"activation"and"fatigue"that"were"not"possible"in"the"current"study."
"
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CHAPTER 4. 
GENERAL CONCLUSIONS 
A"cycleJrun"protocol"was"developed"to"analyze"the"effect"of"a"hip"flexor"stretch"on"the"
kinematic"changes"due"to"running"after"cycling."Overall,"the"hip"flexor"stretch"produced"only"
modest,"nonJsignificant"improvements"in"anterior"pelvic"tilt"and"forward"trunk"lean"during"the"
early"stages"of"the"transition"run"after"cycling."Without"kinetic"data"to"supplement"the"
kinematic"data,"it"is"unknown"if"the"observed"changes"in"trunk"lean,"pelvic"tilt,"and"hip"
flexion/extension"lead"to"differences"in"lower"extremity"and"low"back"loading"that"could"be"
related"to"injury"risk."Shortening"of"the"hip"flexors"during"cycling"may"be"only"one"of"many"
factors"driving"kinematic"changes"during"the"transition"run."Lengthening"of"the"hamstring,"
gluteal,"and"low"back"muscles"during"cycling"may"also"play"an"important"role"in"kinematic"
changes"during"running."It"is"suggested"that"future"studies"of"the"cyclingJrunning"transition"
incorporate"electromyography"data"that"may"provide"insight"into"potential"changes"in"muscle"
activation"and"fatigue"that"were"not"possible"in"the"current"study."
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APPENDIX: SUPPLEMENTARY MATERIALS 
Informed*Consent,*Questionnaire,*Recruitment*Email*and*Flyer*
INFORMED"CONSENT"DOCUMENT"
Title&of&Study:&Biomechanical&analysis&of&the&transition&from&cycling&to&running&
for&triathletes&
Investigators:""Katherine DeSimone, Dr. Jason Gillette 
This form describes a research project. It has information to help you decide whether or not you 
wish to participate. Research studies include only people who choose to take part—your 
participation is completely voluntary. Please discuss any questions you have about the study or 
about this form with the project staff before deciding to participate.   
Introduction&
The purpose of this study is to investigate how a hip flexor stretch between a cycling session and 
a running session performed in immediate succession affects biomechanical changes in running 
due to prior cycling. Data from this study will be used to further knowledge about prevention of 
potentially harmful changes in running biomechanics following cycling in a triathlon 
competition or during training. 
You are being invited to participate in this study because you are a recreational or competitive 
triathlete that runs at least 15 miles per week and bikes at least 2 hours per week. You should not 
participate if you: have suffered a lower extremity injury in the past 3 months, or have had 
surgery on a lower extremity in the past 12 months. 
Description&of&Procedures&
Before participation, you will fill out a medical history questionnaire to ensure you are eligible 
for participation. If you agree to participate, you will be asked to visit the Biomechanics Lab 
(178N) in the Forker building once to complete the following tasks. You will wear tight fitting 
clothes, such as compression shorts or short running shorts, and a tight fitting top or sleeveless 
shirt or jersey. If you do not have clothes that meet these criteria, then the lab can provide them 
for you. You will bring your own bike – the Lode ergometer’s seat and handlebars will be 
adjusted to the same geometry, and the seat and pedals from your bike will be attached to the 
Lode. If you are unable to bring your own bike and/or your seat and pedals do not fit properly on 
the Lode, the ergometer will be adjusted to fit you and a seat and pedals will be provided. You 
will bring the shoes you use for both cycling and running. We will record your age and measure 
your height, weight, and bike specifications prior to data collection. Retroreflective markers will 
be placed on you at specific landmarks on your right foot, right leg, right elbow, pelvis, and 
trunk. Marker movement will be tracked by an 8-camera system in the lab. You will run on a 
treadmill centered under the camera system. Data collection will consist of one 5-minute running 
trial, and two cycle-run trials with a 60-minute intervening recovery period. The cycle-run trials 
will each consist of a 20-minute cycle, a 2-minute break, and a 15-minute run. During one of the 
trials you will perform a hip flexor stretch in a kneeling position during the 2-minute break; 
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during the other, you will not stretch. In both trials you will change shoes, if necessary, before 
starting the run. You will select a treadmill speed representative of a normal training run during 
the initial 5-minute running trial, and the treadmill will be set to this speed in each of the 15-
minute run sessions. You will also perform an initial 5-minute cycling trial in order to select a 
cycling power output representative of a moderate effort training pace. You will perform the 
cycling trials on the Lode ergometer in the lab, and will maintain your selected constant power 
output throughout the study, with a cadence between 90-100 RPM.  Your participation will last 
for approximately 2 hours, 30 minutes: 40 minutes for each cycle-run trial, 60 minutes rest 
between trials, and 50 minutes for set-up of the bike, orientation to the protocol, and the initial 
treadmill run. 
Risks&or&Discomforts&
While participating in this study you may experience the following risks or discomforts: 
•! Muscle soreness 
•! Fatigue 
•! Skin irritation from markers 
Benefits&&
If you decide to participate in this study, there will be no direct benefit to you. It is hoped that the 
information gained in this study will benefit society by advancing our knowledge on how 
biomechanical changes in running post-cycling can be prevented.  
Costs&and&Compensation&
You will not have any costs from participating in this study. You will receive $15 for 
participating in this study. If you are a student in Kin 355, then you will choose to either receive 
$15 or to receive 1 extra credit point for your participation. Students are also able to earn extra 
credit points in Kin 355 through participation in non-research data collections that occur 4 times 
per semester as part of the class and often through other research data collection options. 
Students who are physically unable to act as participants in data collection are given the option to 
help out as an assistant. 
Participant&Rights&
Participating in this study is completely voluntary. You may choose not to take part in the study 
or to stop participating at any time, for any reason, without penalty or negative consequences.  
If you have any questions about the rights of research subjects or research-related injury, please 
contact the IRB Administrator, (515) 294-4566, IRB@iastate.edu, or Director, (515) 294-3115, 
Office for Responsible Research, Iowa State University, Ames, Iowa 50011.  
Research&Injury&
Emergency treatment of any injuries that may occur as a direct result of participation in this 
research is available at the Iowa State University Thomas B. Thielen Student Health Center 
and/or referred to Mary Greeley Medical Center or another physician or medical facility at the 
location of the research activity. Compensation for any injuries will be paid if it is determined 
under the Iowa Tort Claims Act, Chapter 669 Iowa Code. Claims for compensation should be 
submitted on approved forms to the State Appeals Board and are available from the Iowa State 
University Office of Risk Management and Insurance.  
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Confidentiality&
Records identifying participants will be kept confidential to the extent permitted by applicable 
laws and regulations and will not be made publicly available. However, federal government 
regulatory agencies, auditing departments of Iowa State University, the Food and Drug 
Administration (FDA), and the Institutional Review Board (a committee that reviews and 
approves human subject research studies) may inspect and/or copy study records for quality 
assurance and data analysis. These records may contain private information.  
To ensure confidentiality to the extent permitted by law, the following measures will be taken: 
Your name will not be used in the data collection, and you will be assigned an alphanumeric 
number instead. Your name and information/data will be kept in a separate secure location. 
Computerized records for motion analysis will be kept on password protected computers of 
Katherine DeSimone and Dr. Gillette, while all other information will be kept in Dr. Gillette’s 
office. The individuals who will have immediate access to the identifiable research records are 
Dr. Gillette and Katherine DeSimone. If the results are published, then your identity will remain 
confidential. 
Questions&&
You are encouraged to ask questions at any time during this study. For further information about 
the study, contact Katherine DeSimone (desimone@iastate.edu) or Dr. Jason Gillette 
(gillette@iastate.edu).   
Consent&and&Authorization&Provisions&
Your signature indicates that you voluntarily agree to participate in this study, that the study has 
been explained to you, that you have been given the time to read the document, and that your 
questions have been satisfactorily answered. You will receive a copy of the written informed 
consent prior to your participation in the study.  
"
"
Participant’s Name (printed)               
  
            
              
Participant’s Signature     Date  
 
"
"
"
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Participant)Questionnaire!! ! ! ! ! ! Subject!Number:!
Personal)Information)
Age:!
Body!Mass:!
Height:!
Seat!height:! ! ! Seat!fore/aft:! ! ! !
Handlebar!height:! ! Handlebar!fore/aft:!
Current!Weekly!Running!Mileage:!
Current!Weekly!Cycling!Mileage:!
Years!of!triathlon!experience:!
Type!of!triathlete:! Recreational! ! Competitive!
Triathlon!distance:! Sprint! ! ! Olympic! ! Ironman!
Lower!extremity!injury!/!surgery!history:!
!
!
!
Thoughts!on!running!after!stretch!vs.!no!stretch:!
!
!
!
!
How!often!do!you!run!immediately!after!cycling!in!your!training?!
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PI:$Katherine$DeSimone$(desimone@iastate.edu)$
Forker$164G$
Department)of)Kinesiology)
Volunteers)Needed)For)Triathlon)Study)
)
Biomechanical)Analysis)of)the)Transition)from)Cycling)to)
Running)for)Triathletes)
$
$
$
Who:$Recreational$or$competitive$triathletes$who$run$at$least$15$miles/week,$cycle$at$least$2$
hrs/week$and$are$currently$free$of$any$injuries.$
*Must$be$at$least$18$years$old$to$participate$
$
What:$Participants$will$visit$the$Biomechanics$Lab$once.$Data$collection$will$consist$of$two$cycleQ
toQrun$trials,$with$a$stretch$in$the$middle$of$one$trial,$to$evaluate$how$a$hip$flexor$stretch$could$
influence$posture$and$biomechanics$during$treadmill$running$postQcycling.$Cycling$will$be$
performed$on$a$stationary$ergometer$in$the$lab.$Data$collection$will$last$2$–$2.5$hours.$
$
Compensation:$You$will$receive$$15$for$participation$in$this$study.$
$
Where:$Testing$will$occur$in$the$Biomechanics$Laboratory$at$178N$in$the$Forker$Building.$
$PI:$Kate$DeSim
one$
desim
one@
iastate.edu$
PI:$Kate$DeSim
one$
desim
one@
iastate.edu$
PI:$Kate$DeSim
one$
desim
one@
iastate.edu$
PI:$Kate$DeSim
one$
desim
one@
iastate.edu$
PI:$Kate$DeSim
one$
desim
one@
iastate.edu$
PI:$Kate$DeSim
one$
desim
one@
iastate.edu$
PI:$Kate$DeSim
one$
desim
one@
iastate.edu$
PI:$Kate$DeSim
one$
desim
one@
iastate.edu$
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Table*A1:*Peak*angles*by*subject*and*run*condition*(outliers*removed)*
subj" cond" hipext" hipflex" pelvic"tilt" trunk"lean" hipab" hipadd" kneeflex" dorsiflex"
1" baseline" J10.31" 42.36" J2.67" J10.36" 15.14" J18.62" J16.48" 23.78"
1" nostrt1" J23.15" 28.47" J13.67" J22.88" 14.11" J20.24" J15.42" 22.21"
1" nostrt5" J22.59" 30.54" J12.47" J24.93" 14.29" J21.79" J14.57" 21.75"
1" nostrt10" J22.78" 29.63" J12.98" J23.09" 14.70" J21.98" J13.65" 21.62"
1" nostrt15" J21.77" 29.17" J12.68" "" 14.01" J20.63" J14.68" 22.39"
1" strt1" J12.75" 35.22" J4.74" J12.12" 16.45" J19.09" J9.29" 20.06"
1" strt5" J12.70" 36.34" J6.40" J15.14" 17.38" J16.98" J13.17" 21.34"
1" strt10" J22.07" 30.86" J12.24" J23.96" 18.84" J16.87" J13.45" 22.02"
1" strt15" J22.73" 30.52" J12.90" J21.99" 17.88" J17.48" J15.73" 22.92"
2" baseline" J18.90" 39.99" 1.81" 0.14" 23.33" J7.69" J5.97" 21.07"
2" nostrt1" J18.35" 36.45" 1.35" J2.55" 22.91" J7.76" J3.04" 20.81"
2" nostrt5" J20.01" 39.22" 1.65" J1.55" 23.63" J7.07" J5.12" 20.69"
2" nostrt10" J20.35" 38.75" 1.15" J2.16" 23.02" J7.40" J5.30" 20.62"
2" nostrt15" J19.38" 37.21" 1.69" J1.42" 23.01" J6.80" J4.23" 19.75"
2" strt1" J21.73" 34.85" J1.64" J4.96" 24.24" J7.39" J5.24" 21.15"
2" strt5" J23.37" 34.97" J1.54" J4.07" 25.16" J8.47" J4.94" 21.37"
2" strt10" J23.47" 35.57" J2.01" J4.71" 22.99" J8.62" J7.80" 21.30"
2" strt15" J23.30" 34.96" J2.35" J4.27" 23.41" J8.30" J7.61" 21.11"
3" baseline" J14.47" 35.21" J2.31" J11.82" 13.83" J6.93" J13.37" 12.58"
3" nostrt1" J18.73" 29.76" J8.69" J17.88" 16.14" J4.23" J11.01" 14.31"
3" nostrt5" J17.69" 32.28" J7.42" J18.69" 14.92" J4.60" J13.42" 13.43"
3" nostrt10" J21.10" 30.50" J9.35" J18.96" 14.80" J5.61" J15.97" 13.67"
3" nostrt15" J20.49" 30.07" J9.11" J18.21" 15.10" J3.90" J12.24" 13.02"
3" strt1" J18.57" 29.59" J7.12" J14.98" 16.21" J4.85" J8.91" 9.47"
3" strt5" J18.79" 30.15" J6.88" J17.78" 16.02" J4.59" J9.63" 9.05"
3" strt10" J19.28" 31.28" J8.36" J17.44" 14.77" J4.95" J10.45" 8.34"
3" strt15" J19.82" 31.34" J8.23" J18.01" 16.07" J3.88" J9.45" 8.50"
4" baseline" J9.13" 38.56" J1.56" J10.90" 10.70" J1.85" J13.77" 15.66"
4" nostrt1" J9.77" 36.81" J2.38" J9.97" 13.67" J1.37" J14.37" 15.04"
4" nostrt5" J11.89" 35.36" J3.97" J11.80" 12.76" J2.09" J15.24" 15.35"
4" nostrt10" J12.46" 35.25" J4.60" J13.10" 12.04" J2.41" J14.89" 15.56"
4" nostrt15" J13.13" 34.07" J5.94" J14.23" 11.27" J3.04" J14.73" 15.15"
4" strt1" J15.68" 30.18" J9.56" J17.94" 10.63" J3.38" J17.18" 20.48"
4" strt5" J16.62" 30.53" J10.20" J18.90" 10.46" J3.42" J15.45" 20.68"
4" strt10" J16.93" 29.05" J11.71" J20.29" 10.04" J4.85" J14.87" 20.22"
4" strt15" J17.64" 29.52" J12.25" J20.60" 8.99" J5.51" J15.19" 20.91"
5" baseline" J15.93" 41.94" J2.60" J10.99" 17.75" J2.91" J12.30" 20.77"
5" nostrt1" J14.35" 38.90" J7.41" J15.62" 27.57" 8.92" J17.78" 22.33"
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subj" cond" hipext" hipflex" pelvic"tilt" trunk"lean" hipab" hipadd" kneeflex" dorsiflex"
5" nostrt5" J15.36" 42.61" J6.66" J15.24" 28.61" 8.07" J17.90" 22.50"
5" nostrt10" J13.00" 39.07" J6.46" J14.46" 28.33" 7.51" J18.00" 21.76"
5" nostrt15" J16.18" 42.24" J7.76" J15.91" 29.75" 6.97" J17.76" 22.09"
5" strt1" J18.09" 36.09" J7.56" J14.66" 25.53" 4.61" J13.00" 22.17"
5" strt5" J17.23" 38.01" J7.09" J15.13" 25.76" 4.72" J13.18" 21.77"
5" strt10" J16.51" 37.78" J7.38" J15.71" 27.32" 6.86" J15.66" 21.91"
5" strt15" J16.60" 37.27" J8.35" J16.63" 27.90" 7.41" J16.48" 22.70"
6" baseline" J23.41" 31.55" J2.52" J9.30" 2.43" J23.94" J6.43" 20.92"
6" nostrt1" J26.01" 28.61" J6.85" J14.63" 2.38" J24.30" J6.96" 20.04"
6" nostrt5" J26.35" 29.86" J7.12" J13.67" 0.95" J27.65" J5.26" 19.00"
6" nostrt10" J27.02" 30.68" J5.74" J12.94" 2.52" J26.17" J7.53" 20.37"
6" nostrt15" J27.40" 29.26" J6.31" J13.94" 1.38" J28.47" J8.11" 20.62"
6" strt1" J24.03" 30.94" J3.20" J10.78" 1.80" J28.50" J6.89" 19.46"
6" strt5" J23.47" 31.95" J2.65" J11.06" 2.86" J28.28" J6.51" 19.85"
6" strt10" J23.64" 33.80" J1.99" J9.02" 2.73" J28.16" J6.79" 19.91"
6" strt15" J22.98" 32.60" J1.54" J9.06" 2.71" J28.61" J7.38" 20.86"
7" baseline" J12.97" 26.93" J4.00" J13.09" 18.02" 8.38" J14.10" 2.25"
7" nostrt1" J19.12" 18.29" J14.69" J25.06" 21.34" 5.06" J14.36" 5.80"
7" nostrt5" J19.98" 16.96" J15.71" J26.50" 18.57" 4.97" J17.16" 5.24"
7" nostrt10" J19.74" 18.46" J15.36" J26.89" 19.50" 6.13" J18.80" 5.98"
7" nostrt15" J21.81" 18.54" J17.66" J27.72" 19.08" 6.39" J20.15" 6.28"
7" strt1" J14.52" 23.32" J8.78" J18.26" 18.56" 7.73" J14.06" 7.08"
7" strt5" J15.18" 22.78" J9.81" J19.70" 17.72" 7.10" J15.15" 6.42"
7" strt10" J15.74" 19.50" J9.22" J23.18" 23.02" 12.27" J13.87" 4.80"
7" strt15" J17.29" 20.85" J11.79" J23.49" 21.48" 10.38" J16.37" 3.55"
8" baseline" J10.64" 33.42" J2.78" J10.68" 17.93" J5.55" J16.37" 16.49"
8" nostrt1" J13.38" 28.66" J6.09" J14.08" 13.97" J9.81" J14.08" 14.07"
8" nostrt5" J12.27" 30.90" J5.84" J14.83" 15.30" J10.40" J14.39" 14.68"
8" nostrt10" J12.38" 31.86" J6.29" J14.45" 15.95" J10.70" J15.28" 15.40"
8" nostrt15" J12.04" 33.92" J4.58" J13.43" 15.44" J9.49" J16.08" 15.39"
8" strt1" J12.25" 33.95" J5.77" J13.65" 17.52" J6.96" J18.22" 16.76"
8" strt5" J11.73" 35.14" J5.51" J13.15" 18.38" J7.76" J18.74" 17.08"
8" strt10" J10.98" 35.49" J4.60" J13.37" 17.59" J7.12" J18.28" 16.28"
8" strt15" J11.32" 36.08" J4.11" J12.88" 18.33" J7.35" J19.70" 16.33"
9" baseline" J12.46" 42.40" J0.63" J9.30" 14.26" J16.12" J7.96" 18.09"
9" nostrt1" J13.58" 41.71" J4.35" J13.70" 19.73" J13.33" J7.89" 17.40"
9" nostrt5" J12.73" 43.21" J3.64" J12.49" 19.55" J13.45" J8.17" 16.38"
9" nostrt10" J13.51" 44.28" J3.46" J12.60" 20.29" J14.58" J8.36" 17.17"
9" nostrt15" J14.16" 44.00" J3.34" J13.02" 20.78" J14.26" J9.17" 17.60"
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subj" cond" hipext" hipflex" pelvic"tilt" trunk"lean" hipab" hipadd" kneeflex" dorsiflex"
9" strt1" J13.58" 42.39" J2.62" J11.81" 14.30" J16.31" J7.17" 17.47"
9" strt5" J13.19" 39.30" J1.95" J12.52" 15.85" J16.24" J6.27" 17.83"
9" strt10" J14.13" 40.96" J2.36" J11.31" 16.68" J17.10" J7.44" 18.29"
9" strt15" J14.11" 42.20" J2.49" J11.67" 17.11" J18.01" J7.30" 17.74"
10" baseline" J15.59" 47.18" J1.37" J13.46" 5.64" J19.18" J8.08" 24.68"
10" nostrt1" J15.15" 44.58" J2.70" J15.01" 11.08" J15.22" J8.62" 20.02"
10" nostrt5" J14.58" 46.25" J2.57" J14.78" 8.10" J15.34" J9.45" 23.87"
10" nostrt10" J13.89" 47.33" J1.52" J14.86" 9.17" J16.68" J8.82" 22.89"
10" nostrt15" "" 44.23" J3.17" J15.09" 12.04" J16.08" J8.87" 22.55"
10" strt1" J15.00" 44.98" J3.98" J15.17" 7.77" J15.77" J8.34" 21.91"
10" strt5" J15.60" 46.66" J3.37" J14.45" 7.93" J15.45" J8.20" 22.98"
10" strt10" J14.70" 46.08" J2.28" J15.64" 9.57" J14.43" J8.93" 23.00"
10" strt15" J14.73" 43.00" J3.68" J15.85" 10.07" J15.39" J9.57" 22.98"
11" baseline" J8.96" 36.02" J3.52" J9.96" 10.24" J14.17" J16.67" 19.89"
11" nostrt1" J11.93" 31.22" J6.47" J13.85" 10.73" J16.01" J14.68" 21.59"
11" nostrt5" J12.32" 32.35" J7.48" J15.14" 8.76" J15.31" J17.10" 20.94"
11" nostrt10" J11.72" 32.11" J6.33" J12.98" 9.09" J16.22" J15.61" 20.06"
11" nostrt15" J14.60" 29.55" J7.40" J15.45" 8.71" J17.35" J14.77" 20.80"
11" strt1" J11.14" 31.29" J6.53" J11.77" 9.60" J16.15" J14.65" 20.47"
11" strt5" J10.98" 33.32" J5.82" J11.97" 6.81" J16.47" J15.63" 19.93"
11" strt10" J10.22" 33.68" J4.81" J11.90" 8.06" J15.82" J16.77" 19.92"
11" strt15" J6.11" 39.43" "" "" 9.60" J16.07" J14.52" 19.66"
12" baseline" J20.28" 34.26" J8.43" J12.22" 8.15" J11.12" J7.11" 13.04"
12" nostrt1" J23.16" 31.66" J12.92" J16.54" 5.39" J11.71" J9.49" 11.17"
12" nostrt5" J24.12" 34.07" J14.78" J17.98" 7.95" J13.53" J10.05" 10.43"
12" nostrt10" J22.62" 32.65" J13.84" J17.32" 11.98" J10.43" J9.19" 10.44"
12" nostrt15" J19.68" 32.55" J12.11" J15.31" 14.98" J6.54" J10.44" 10.17"
12" strt1" J22.78" 30.71" J16.75" J20.66" 9.65" J11.68" J12.14" 12.55"
12" strt5" J22.53" 28.05" J14.38" J17.86" 13.92" J6.96" J9.46" 12.87"
12" strt10" J22.80" 27.89" J15.05" J18.25" 11.82" J8.32" J9.01" 13.42"
12" strt15" J23.28" 30.00" J13.58" J17.25" 11.04" J9.96" J8.09" 13.82"
" "
52"
"
Table&A2:&Mean&stride&length&and&stride&length&variability&by&run&condition&
" Baseline"
run"
NoJstretch"transition"run"" Stretch"transition"run"
Minute" " 1" 5" 10" 1" 5" 10"
Stride"length"(m)" 2.13"
(0.27)"
2.11"
(0.27)*
2.12"
(0.27)*
2.12"
(0.28)*
2.12"
(0.26)*
2.14"
(0.26)*
2.12"
(0.28)*
Stride"length"
variability"(%)"
1.86"
(1.53)"
1.88"
(1.68)"
2.59"
(3.70)"
2.88"
(3.36)"
2.73"
(3.34)"
1.66"
(0.90)"
2.59"
(2.65)"
* *
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